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FOREWORD

This report was prepared by Ma:- irietta Corporation under
Contract NAS8-2631, Determination o: .. -Tewperature Fatigue Prop-
‘erties of Structural Metal Alloys, Final Repert, for the George C.
- Marshall Space Flight Center of the National Aeronsutics and Space
Administration. The work war adwministered undsr the technical
direction of the Propulsion and Vehicle Engineering Laboratory,
Materials Division of the George C. Marshall Space Flight Center
with W, 5. McPherson &cting as project manager.




la:kéﬂuctiou
II., = Matevisls , .
111, Specimerns . .

 Martin-CRe$heM o Tioiio

1v. Teat Apparatus ind Pacilities . . . . . ¢ s s ¢ & 14
A.Ql'yo‘!lt.»'..A.'..-.o.-..-..o. 173 §

B, “‘tﬂmﬂt and A.I-’*‘y " 6 s s e s s 8 .. . . 1?7

|
|

i

|

C. AutomBtfion . . 4+ o o ¢ o s ¢ o s o o o o o = 20 1
D, Pacility , o o v v o o o o v o v e e e e 4 ]

E., Perturmance . . . . . . & « o « o }

V. Test Procedure . o o« v 4« 0 0 e e e e e e e 5
A, Tenston . o v o ¢ ¢ o o o o 0 o = o o o 0 - - 3

B, Patipu® . . & ¢ s s ¢ + o s o s e e 0 e [N

VL, bxperimental Results . . . . . . . . . . . .. . 82

A, Tenston Tests . . . . . .+ v ¢ v o o o o o 3!

B, Patigue Tests . . . . . . . v « v ¢« « o v 5
vii, Dincussion of Results . . . . . . . . . .+ . .. 3

A, Aluminum Alloys , . . . . . . . o0 ]

B, TitanjumAlloys . . ., . . . . . « . . . . o

C, Stainless Stecl 0 o 0

o b 3 ST N G B At e Wt T ST AR AEF e O e AXW L=




Appendix C -- Fatigue Data , . ., . . . . . .

Dtat:ihut;ng

i nt on! tin mued A:ul Load
‘ef 5&5&*83&3 Alﬁninu& il!oy at 423 . . . . .. 13

sp mu nugue—tuuag Machine

“rCUtaily View of?C:yostar Assembly Mounted
Fatigue-Testing Machine . , . ., . ., ., . . . . .. 1o

Cryostat Components before Assembly .

Lliquid Hydrogen Cryostat Lid Assembly .

View of Cryostat and Mounting Hardware

Frames trom High-Speed Mution Pictures of Mi--
alligned 7075-T6 Atuminum Alloy Fatigue Test ., 2

1 Frames trom High-Speed Motion Picture of Properfy
Aligned 7075-T6 Aluminum Alloy Fatigue Test . ., . 23




Liquid Nitrogen Fill Controller .

Liquid Hydrogen Fill Controller . . . . . . . . &

Schematic viagram of Liquid Hydrogen Flow
Syulem s e s+ s s s s e e a2 s e 8 ¢ e v s e e @

Liquid Hydrogen Fatigue-Testing Facility
Liquid Nitrogen futigue-Testing Facility ., , ., .

Tensile Properties of 2014-T6 Aluminum Alloy at
Crmmic TOmPEratures . . v s s o o o s o o ..

Tensile Properties of 2219787 Aluninum Mloyot
Cryogcnic 'rupcututu eh e b se v u e e wle e

Tensile !tvpcrttu bf 2419*1‘61 llnum- Alh’ tt
.Ctyogcuicreqeutu‘u T R RN S

Tenstle Properties. of 7039-T6 Alutlm- Alloy at
Cryogenic Temperatures . . . . . ¢« ¢ ¢ ¢ &« o &+ &

Tensile Properties of 5456-H343 Aluminum Alloy at
Cecyngenic Temperatures ., . . . . . . . . ¢ . s .

Tensile Properties of 7075-T6 Aluminum Alloy at
Cryogenic Temperatures . ., . . . ., . . . . . . .
Tensile Properties of 2020-T6 Aluminuwm Alloy at
Cryogenic Temperatures . . . . . . . . ¢« « « 4+ &
Teasile Properties ot 5A1-2.58n Titanium Alloy at
Cryogenic Temperatures . . . . . . . . . . « . .
Tensile Properties of 6A1-4V Titanium Alloy at
Cryogenic Temperatures . ., . . . . .
Tensile Properties ot 13V-11Cr-3A1l %.canium Alloy
at Cryogenic Temperatures . . . . . . . ,

Tensile Properties of 321 Stainless Steel Alloy
at Cryogenic Temperatures . . . . , . . . . . .

Fatigse Properties of Unnotched 2014-T6 Aluminum
Alloy . . . . . . « v v v v v e e e

25

26

29

3

35

3o
37 :

38

YY)

A

<3

Sele




htts\n Pioponui of Notched 2016-T6 Aluminum
Al‘""l!.ooa-o-oo-oooo-cc

Yatigne Properties of Welded 2014-T6 Alwmimim

1 T : Ce 4w

33 Fatigue Properties of Welded [219-T87 Aluminum
A;lq,¢(_; LI I (;c s & & v 2 & v &t 4 & & * e o+ s 4«9

3% Patigus Properties of Unnotchod 2219-T62 Aluminum
: ! <‘1“, ? P IR A N A S A L D O L A . 50 -

35 Patigus Properties of Notched 2219-T62 Aluminum
R ‘1“, * % % 8 e &6 2 8 # s 9 e T s e s e s o = 0 51

36 Fatigue Froperties of Welded 2219-T62 Aluminum
‘l‘ﬂ’ s @ . . . 1] . LI L . . . . . . . * s . . Sz

o

3 Fatigus Propercies of Unnotched 7039-To Aluminum
:"‘ ‘Itcr * 8 & ¢ 8 ¢ s 3 6 e =T 2 ¥ © 8 0 0 0 s ¥ o= 53

‘Watiges Properties of Lotched 7039-T6 Aluminum
“'“”‘ii‘jtctc_v\v“oc-oo.ou:o-..... 54

*Patigue Properties of Velded 7039-T6 Aluminum
_“1”_“.'..'...‘..'.'.’.".. 55

- &0 ‘Patigus Properties of Unnotched 5456-H3A3 Aluni-
MMALIOY § & ¢ 0 f e e e e s e e e e e e 5

L) SR htifﬁo Properties of Notrhed 5450 -H34) Aluminum
-_~-§.:“‘W__‘,’_"...."'/."."".'. 57

42 ' Fatigue Properties of Welded 543¢-H343 Aluminum
"j"T“t”'.'q‘;'.c-"-.c-o-oo-..o-.-- e L}

S I 'ﬂfw Properties of Unnotched 7075-T6 Aluminum
":-‘tlw‘c...olut'lot'ivtuoo:- ‘,9

& Patigus Properties of Notched 7075-T6 Aluminum
A‘l’“yt'ola'olI'O'nnc-uo.... “U




‘:?uttsnc !fupctfie:faf IV (alnttom |
Trested and Aged) Titanium alloy « e ¢ e 4 aa s

Patiges Properties of Notched 6Al~4V' (Solutton
‘rreated and ag&d) Titarium t!!oy , _j ;

‘ lhum Properties of Velded EAL<4¥ (Sclutice ;
Treated and Aged) Titanium Altey . . ., . .. .. 67

Fatigue Properties of Unnotched 13V-11Cr-3Al (So-
lution Treated and Aged) Titanium Alloy . . . . . 68

Fatlgue Properties of Welded 13V-11Cr-3Al (Sclu-

tion Trcated and Aged) Titanium Alloy ., , ., . , ., oY
Fatigue Properties of Unnotched 321 (Annealed)
Stainless Steel ., . . . . . . . . ... ... .. 70

Fatigue Properties of Notched 321 (Annealed)
Stlin-lcltSteel.....'c‘n......... 71
Patigue Properties of Welded 321 (Annealed)

Stainless Steel . . . . . . . ... ... .. .. 72
!'lodnhu of Elasticity of Aluminum Alloys at Cryo-

genic Temperatures , , , . . ., ., . . ., . ., . . 7Y
Comparison of Patigue Properties for Aluminum

A!lay’ - - [ . - . - . - . L ] . * - - . - » . 3 . 84

Effect of Stress Ratio on the Patigue Properties
of Two Aluminum Alloys at -423°F . = . = B

A S R e e e




Grtp Block Half Aalembly Rouﬁh Blank, and
Assembly |, . . . .. .. .. .. s ... Aeb

A-7 Vacuum Fitting-Cryostar Stem , ., ., ., ., . . . . A-Y

1 List of Materials Selected tor Experimental
Program . . ., . . . . 00 s s e e e e e e 5
2 Detatls of Welding Procedute tor Aluminum
A)luy. * 13 * . . . » . * » . . . * . . . L] . . . h
37 Detalls of Welding Procedure for Titanium
:_:f‘ ‘llm ® s @ & % 4 8 ® T - 4 s e s s e e e s s s 6

ffﬂhlnlcal Analyses of Titenium Alloy Sheet, Wire,
"m“‘“mdl‘ct0’0.4..000;--- a

5 Comparison ot Fatigue Properties tor Aluminum
Allovs . . . . . . . .. .,

»
L My

6 Comparison of Fatigue Properties for Titanium
.“ll”."'O.QQOC"OI"I;QO.&‘ 9’

B-1 Tensile Properties of 2014-To6 Aluminum Alloy at
Cryogenic Temperatuve: , . ., , . + 4 ¢« 4 & « . . Bl



‘Teneile Properties of mc«zs itmimn A’lluy :
thgtnic !‘empcu:uzu

Tensile Properties of 5456-H343 Aluminum Alloy at
Cryogenic Temperatures . . « .+ 4 o « « o o o + B-5

Tensile Properties of 7075-T6 Aluminum Alloy at
Cryogenic Tempgtatutel s s 4 e e s v e e

qu‘c Propcrttu of SM-! SSn ‘rtuniu- in'it

c:mcric !‘np-utuui e e aim s s e wie s e v.a BB
‘Tenuile Properties of Solutton Trested '-ni&pd

SA1-4V Titanium Alloy at Crvogenic Temperstures . B-9

Tensile Propertics of Solution Treated snd Aged
13V-11Cr-3A1 Titanium Alloy at Cryogenic Temper-
BLUTES . . . . . s e v v v e e v e e e e e . BRlU

Tensile Properties ol 321 Stainless Steel Alloy
at Cryogenic Tempevratures , ., ., . . . . . . . . . B-ll

Fatipgue Propevtices of Pareat Metal 2oti-T6 Alumy-
van ALloy ©o0 o0 s s e e e s e e C

Fatigue Properties ol Notched 2014 -TO A bumnma
Alltay o o v o o L 00 s e e e o oo

Fat tpue Properties of Welded 2015-To A Lumin,

Aoy o 0 o0 o s e s s s s s o

Fatipue Propertics of Parent Metal 22iv-in.
Alum:nem Alloy o 0 0 0 0 00 o 00 L oL . Co

Fat ipae Propertioes of Notoned D20 g0 Adec o
Alloy . o 0 0 L o e e e e e e e . ¢




c-9
c-10

- C=11

s g ATt B

Fati . Properties of
A 1 loy (] 1 . . L3 L] L] -

Notched 2219-T62 Aluminum

P 2N I I D U SR Y B S Y

Fatigue Properties of Welded 2219-T62 Aluminum

Alloy . . . . . . ..

Fatigue Properties of
Aluminum Alloy , . ,

Fatigue Properties of
Alloy . . . . » 4 .« &

Fatigue Properties of
Alloy . . . . . . . .

Fatigue Properties of
Aluminum Alloy . ., .

Fatiyue Properties of
Alloy . . . . . . . .

Fatigue Properties of

-‘ - ‘llw . . - L] * . . *

Fatigue Propertieo of
Aluminum Alloy . ., .

Fatigue Properties of

Moy . . o .. ..

!lti(nc Properties of
Aluminum Alloy . . .

Fatigue Properties of

5A1-2.5S8n Titanium Alluy ., . . , . .

Fatigue Properties ot
Titaniunw Alioy . . |

¢ 4 8 e 9 ¢ e a2 e 2 2+ e e e

Parent Metal 7039-Té6

* 8+ o e & 8 e o+ * = e s »

Notched 7039-T6 Aluminum

¢ & s ° B e & & 2 T 3 8 e

Welded 7039-T6 Aluminum

s e & & & & = s e s+ e s &

Parent Metal 3456-H34?

¢« s s 8 e & & & = s o« s

Notched 5456-H343 Aluminum

T e 3 s e e = & 2 & s e

Velded 5456-H343 Aluminum

¢ & & 2 e & e s e * - s +

Parent Metal 7075-T6

L N I T L Y

Notched 7075-T6 Aluminum

@ 8 e e & 1 + 3 & e v e s+

Parent Metal 2020-T6

Annealcd Parent Metal

Notched S5Al1-«2.58n

DR ) D T « s e .

C-18




“ Patigue Properties of
SAL-2.58n Titanium Alley

" patigue Properties of Soiution fve . RN
Parent Mctal 6A1-4V Titanium Alloy . . ... .. C-22

c-"3 Fatigue Properties of Notched 6Al-4V Titanium :
ALIOY |, v ¢« ¢ ¢ ¢ o o 4 » « oo L30  BE N LI c-23 ;
c-24 Fatigue Properties of Solution Treated snd Aged '

Welded 6Al-4V Titanfum Alloy ., . . .. .. .. . €-26

c-25 Fatigue Properties of Solution Treated and Aged
Parent Metal 13V-11Cr-3Al Titanium Alloy ., , ., . C-25

Cc-2% Fatigue Properties of Welded 13V-1iCr-3Al
TltthAlloy OQOOIOOIQOCIOOIOOC.Zb

€27 Fatigue Properties of Parent Nstal AISL 321
Stainless Steel « ¢« « ¢+ ¢ s s ¥ e o o s sEae s C-27

c-28 Fatigu~ Properties of Notched AISI 321 Stainless
SCCG[ + s+ 8 % 8 e ¥ e e ¢ s ® ® ® B e s & s s w0 C-J28

c-29 Fatigue Properties of Welded AISI 32' Stainless
sc.‘!cooo-no_o.--o-a-.-co.‘-c'29



ABSTRACT

é The results of two year's effort on this program are presented
; in this final veport,

. Two cryogenic fatigue-testing systems were constructed: one

: for operation at -320°F, one for -423°F testing. Cryostats were

designed to permit fully reversed stressing of sheet materials

under axial load conditions, A cryostat design incorporating a

vacuum-insulated, double-wailed, stainless stvel contafner with

4 tubular loading stem passing through its central axis was ased,

The cryostat mcunts on the reciprocating platen of the test machine

‘and moves with it wvhile the 11d end associated lines and instru- N
wentation remain fixed, The equipment techniques developed have ‘
demonstrated that by careful alignment, fatigue tests of axial-

loaded, flat sheet materials can be effectively accompl ished with

fully reversed stresses. Tho apparatus has periormed satfisfactorily

for almost two years deupite severe environmental conditions,

Various sluminum, stainless stecl, and titanium sheet alloys

(0,100-in, nominal thickmness) listed below were evaluasted in the
parent wetal, notched, anc, where applicable, weided conditions:

- ' Alaminum Stainless Steel Tictanium

| 2014-T6 321 Ti-5A1-2.58n
2219787 Ti=6Atf-4Y
2219-T62 Ti=13V-llC-3al
7039-17%
34368343
7075-7%
2020-7¢

Properties were determined at 7u, <320, and <423°F ton Tl
life in the 10l to 10? cycle range.




!‘!w 'ﬂ-Ml-Z SSn snd ?iﬂl-b' tttmtm llloyl uhu»u« very
good fatigue resistance, T{-13V-11Cr-3Al faired rather poorly
below room temperature,

Tht k31 s‘tﬁnhu steel :lhmil satisfectory fatigue propértiu.




, Selection of.'th.',:m‘ tigials for Soouter and
systems that use cryogenic progeliants is a challenge
the behavior of struttural weterfsls at low tewperatu

wechanical properties, such ss tensile en compreasive ) % &

wodulas of elasticity, and ductility are ussally deters an-
sess the behavior of a candidate material. Behavior under stress
coacentration and cyclic loading conditions must also be studied

to evaluate adequately a potential material, . -

Cryogenic literature reveals some dats on the routine prepar-
ties, but there is & significant lack of relisble tnformation on
facigue or cyclic loading. Cryogenic fatigue dats on welded
material are virtually nonexistent. The expertswstal program |
‘presented in this report was pregared te fill this obviows yvee
quirement tor,tom;cpumrmi data: . ' e

Y Y TR T

H

‘Fatigue tosts can best be descridad by the method used te ap-
ply loads, Repeated losding .. botis & constantestress amplitude
and & constant-.criin amplitude are used, With the first method,
direct axisl loading -is employed, and, with ¢he wecond, beading
techniqies, eithur plane or totatiocsl, are ased. Por axfal test-
ing, the entire crosa section is wmifomly losssd, Stivr-ss fs de-
termined by load/area, In bendiny, the stress =2-ice throughout
the cross sectfon of the test sprcimen, from s wexivim 3t t' ¢ outer
Yiber through xero at the neutral axis, to a maxima nogstiv: value
at the opposite oater surface, With thie techniqie, c.ress must

be obtained by calculating [rom the mamnt forssia § « (Mc)/I,

Although thesce bemding tents have heen the mos. popular fatipue
techniqies {n the past, they are being replaced by tue axial-load-
Ly mothou because of certain disadvantages in using bending
fatigue,

As shown by the formula, bending stress is calculated with
the hending moment and aection wodulus, The beading mo.ont, M,
& function of the modulus of elasticity o. th test material, A -
curacy of the »trczs calculaiion Is therefore directly proportiona!
to the accuracy of the modulus value, Although moduli ot common
enginesrine waterials ot room temperature are known, there iy it
informatfon in the literature on valuecs ai CrYogenic temperat oge o,



Kartin-CR-64-~74

“!ht mds:uhu khit. uw by lmal

g;ut as 30% ﬁimc than valne 2

‘theugh the trasms for this are sot. 1 Ee
state-of-stress theories have been propased mﬁ,w !

the possible development of fsverable tramsverse stresses
eloagated or compressed surface laysrs and an euter-laye ‘sesint

ance to deformation caused iythd Mzirw ' 'tﬁal “rh‘
ing load tests. i .

mm: nhartcmiag of the &ndiag uchuiqm i: tht
vlsstic ytelding occurs, stresses in the wember cemnot hfu‘ﬂy :
calcalated, Even in tests performed in the elastic range, minute
localized plantic deformation may change the outer fiber atress,

~ Thete (s a groater chance of fatilure from minor surface defects
in bending thar {n ax{al loading, These defects may a'sy create
larger scatter wich a limited number of specimens,

In calculating stress, the simple mowent formula can be used
onlv on apecimens free from holes, grooves, sad ocutlirs or surface
discontinuities, such as veld dbeads, Therefore, to evaluate the
bending fatigue of welded specimens, it would be wore desirable
to machine the weld bead flush,  However, this would detract froa
. the validity of the joint intomtioa since it ¢liminates stress

‘mmttattmu.

- This ntlwd vas uhetod for this program because of the supe-
riority of the axial-loading technique and its ability to similace
mticipated structursl loads, The axial-loading machines employ
a rotating mass Lo apply & controlled dynamic load sinusotidally
about a static-load level,

Tennfon/conprecsion tests of sheet materials under axial load-
ing are not often perforwed since these teats are normally re-
stricted to har materials. Portunately, the sheet gepe selected
by NASA presented the opportunity to attempt complete reversal ot
stresses without having to resort to the bending technigue, 1he
success of such an approach depends on the flatness of the shedt
products avetlable, The aluminum alloys and stainless sieel uscet
for this rescarch were sufficieatly flat to pemit tully reverse.
strensing, Unfortunately, the heat-treated titanium sheet mater:-
als vere reather varped and could not he tested safely under com-
presesive loads, Tenston/tension loads were therefore usest for bt
the annealed and heatetrcated titaniom alloys,
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. mmz cnad!tio- vas. uhctod o g!n thc high 1
levels normally considered for airborne construction. The follow-
ing specimen test conditions were used ‘or this program:

1) Uanotched;
2) Notched;
3) Welded,

The materiais selected for evaluation are listed in Table 1.
Several msterials were not subjected to all three test conditions.
‘rhe exceptions were: :

il) 7075-15 aluminum -~ Unnotched and notched only;
2) 2020-T6 aluminum - Unnotched only;
3) 13v-11Cr-3Al1 titanium - Unnotched and welded only.

The alpha (Ti-5A1-2.55n) and alpha-beta (Ti-6Al-4V) alloys were
purchased as extra-low interstitial grade to assure maximum tough-
ness at crycgenic temperatures, No attempt was made to procure
low interstitial beta (Ti-13V-11Cr-3Al) alloy because of its well-
known brittle behavior, independent of impurities, below -100°F.
Insufficient material remained from first-year work on uanotched
and welded behdvior to permit additional notch testing from a single
heat, Additional material was procured to match chemistry to the
inftial heat as c(losely as possible,
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8 355
D um and titanium alloys were welded with'’
v imert gas (TYR) process sad automatic welding heads
. and 3 1ist details of the: sdur aach

7039-T6

5456~H343
bt it |

i
oo Voltage
" Alloy )
T1-3A1-2, 58n
Ti-6AL-4V 0.0% | n 215 1
TL-13v-11Ce-3A1 | 0,045

Hate: TiG-velded with Airco D head and 300A. P&l pover

Ceeoy T supply; de, straight polartity; heliwme-srgon back-

' * up and trailing gas protection; parent-metal
filler wire,

All weld panels were radiographically inspected, The aluminum
panels exceeded the Class II requirements of MSFC Drawing 1059310,
Weld quality approximated the requirements displayed in tiic NASA
_ specifications frr Class I welds, Similarly, the titanium alloys
R were of high quality. Very minor porosity was noted in several
aveas of the Ti~13V-1iCr-3Al,




_tamination during welding to. maintain low interstit‘alﬂcoﬁtent
;Interstitial analyses repotted in- the test certificat

:analyses for axygen, ‘nitrog A
Metals Corporation of Ame:ic od?

Mertin-CR-64-74

“artlcular emphasis was placed on;prcéurement'oﬁ
tlal.titanium sheet and welding-wire. aqﬁ on prevention: o

ion provided

‘Were confxrmud b"
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m tl’.-o;t”pieu"“  wer
Tig. 1 and designed ally for wi 1 vhe o
systew described by tcyo\:h! Yo TR

Unnotched and welded fatigue specimens were nechined ascording
to the sketch in Pig, 2., Alumioum spacimens.vere machined te
0.373+1n. gage width A dimmsion, end titamfium msterial to g goge
vidth of 0,200 in, In contrast to the wsus! fatigue specimen
shapes, :he specimen design incorpusates a streight-columm test-
g8age section, A comptant-wideh test, aection was selected te por-
wit proper evalustion of weld bead and heat-sffected zome in a
short column length,

Wotched specimens were machined according to specifications
siven in Fig, 3, A notch depth of 331 was used. Notch spec inens
were initid}ly machined with an elastic 3tress concentration f. to.
(‘t} of 7.4, Preliminary testing of 2014-T6 aluminue alloy .peci-

 mens contsining this notch acuity showed severe degradation of
strength properties compared with the wsmotched matarial, After
discussion with the NASA project oengineer, W, B, McPherson, and
H. Grover of Battelle Meworial Institute, it was decided to use
a milder notch (l‘ = 3-5) for additional testing. Speciacns al-

veady machined with the sharp notch were reworked to provide the
milder notch.

Column analysis of the uanotched specimen configuration ye-
vealed that the specimen exhibited a high margin of safety from
column buckling {f properly aligned. An additional analysis was
petformed to show the relationship betweun the degrov of minaliyve -
ment and applicd axial loads fur varfous alloys, Fligure & shows
this relationship for a typical aluminum alloy composition (5456-
HI43) at -425°F, As shown in the diagram, to poerait axial loads

|

in the 1500~ to 2000-1b range, al {gnment must be malnraiaed at i

better than 0,00! {(n.
\
|
|
|
|
|




uamydads a[ysurl 10) suotILIFjIIads | “Byg

s 0€0°0 + 0S°S >4
- 0£0°0 + SL°T —o
~ safoq jo I nayr
P e SEOEE]
m D \ ' i # M
[ 0+
s10°0+ 5,
3 s S S R
L4 W:l o111 1
y
\ N ' - uuu-: S ..IL
: peyd 1070 + ﬁo \3PIrid ¢
eade1g 7 nagy | J‘ _v& 0600 F T
*1Q 00070~ . - 0€0 "0+ 0£0°0+
7000+ 9570 - 0€L°0 ¥ 1873

65 1 FAl _

_11 0€0°0 + §L7E
|
—Q 9735 035 91,1 * 91/ST ¢ -4




1

uauwysadg andr ey PIPIAN puc payr3ouuy g AL N R

ST o= 4, f‘Gigg Vi Uoyy
065 = L4, ‘0000 = TENTRRLLAS R TSR

H

be—c00°0 ¥ ai.nll

[ 9070 + %61

I ]

u 0sLT

L ot
PRY 0€0°0

suauTI3ds papray 103 [Te3aq

0€0°0 uTyIIM pPaxajuan 000°0 3 cso
aq 3s 3 S000°0 + S/€°
e W Rn uesay 9 (yvac

F———————0£0 "0 + O €

S 3215 Y035 0909 + aa.ﬂ"lL

—— e

oy 4

Ao
X5




udagaads andyaeg pausioN doj suoy WO el ¢ tay

“€00°0° VT S3uT] 2a3us” jaos oy ¢
0ST°0 = W ‘SLCTU = v, usyy °7
*100° 05 €00° 0~
00%°0 = .4, °009'0 = v, uaym "1 330§

100° 0+ ’ 310° .
0SL°0 010" 0-6L€° 1

..k...lv_ﬁ.—lu 200 "CY @] m

a Kl
2 |
3 azyy
.m .ﬂ.ll.*.l) L.\ Y o Y015
¢ . _ 90°0-%6"1
[ ! ﬁ
T __ M
pe . - .
2 Ul oV ¥ sade(d 9 dag
000" 0-
sSnypey uojoy Py ¢ S000°0+44L€70

weay pur [{1iq

-~ 0£0° 0-00° S

o 32§ I01§ 090°0:6]" ¢ ~———onl

uoyidg aupyd

12




150 PRI B I 0+ b degnon e

R AN

PEN

13

o2 mm“,

Martin-CR-64-74

d.CTy v Loy WNUTENLY C9CH-ACHC ;0 pro [rIvy PATIAAY 23 e tuawtier

AR BN AR L BT P ERARY!

~

ST,

Q7

LR}

[Sa}
<

(,'““ o ‘Pt'n(




- specimen is gripped betwwen these two stems, The CEYSCLaE reoinnt
“on the reciprocating platen of the test mmcbing and wone. « o1 -

The fatigete pegaten (Fig, 3) w » ;
ntag ¥ 10 U fatigue-tenting machines. These | o5 how
Teciprocating platen- lucated in tho conter. of the tast Sod; i L

is applied butween this platen and the Bead frane Siedoteld to the
test hed,  Such machines have 8 capecity of 5000-1b dysamic lead

and +3000-1h static load, The test apparatus ves destignod to meteh
this capacity,

S

The principal requirements for this system vere;
) iit!hy to muu-”m 42!‘1’:
.2) Goo& thermal tiﬂcién@y{ B {
‘ 5) !nié‘of lp%ct;?&ichaaétf

&) Proctee altgment;

5)  Acesmation of temperatute-control system,
A. CRYOSTAT

A tear cryoscat was designed based on the desveited requis. »

fﬁpﬁtt. 1Bee Appendix A for detafied draving: of the coMmpotent v, )
‘Figurr & shows & cutsway view of the liquid hydrogen cryostat as-

semb'y mounted in the test machine, The destgn incorporstes a
vacu ~.-insulated, double-walled, wtainless steel comtafaer with a
tubular loading stem that passes Lhrough its central axis, Anothe:
tubular loading stem passes through the crypstat lid, The te-t

te
platen white the Lid, with the ligul: supply lioe, vent i, o ¢
instrumentation support attached, vremaing tixed to the maoi g
head frame, By using this mystewn, the test CEYORE AT W L g
to withstand lonp-tern torces of approvimately ¢ and, atter .,
ture of the test apecimen, forces exceeding 36-0 aocr toest . e 1.
well as fmpact from the broken ends of Ui specimen a1 o
gether,
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Fig, > SF 10U Fatigue-Testing Machine
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Fig. 6 Cutaway View of Cryostat Assembly Mouated
in Fatigue-Testing Machine
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The tubular loading stems were machined to a diameter of ap-
proximately 2 in, and a wall thickness of 0,070 in, The ¢nds wére
threaded to receive the specimen g¢rirs and anchor into base »nlocks,
Richards-type vacuum valves werc recessed into the stem bases to

- avoid accidental damage and freezeout during test, The double-

walled body was made by welding cylindticat sections to spun dome
pieces .that were, in turn, welded to small Elanges on the stems,
An ‘unusual feature of the cryostats was the use of ready~-formed,
stainless steel, spun domes, These domes were cookingware items
(soup "ureens and flour scoops) purchased from a local restaurant

. supply store, Figure 7 shows the cryostat components before as-

sembly.}}“;

The liquid hydrogen cryostat 1id was made so that a vacuum-
insulated liquid-fill line, and a vent line with a concentric -
liquid. dump line within it, were welded into the 11d unit. The
dump line served as a support for the. ;quid-level stnsor elements,
The seal between the lid and the cryoatat was a conductive neoprenc

" hellows. An O-ring was used to seal .the. 1d against the upper

ster\? Figure 8 shows ‘the Iid assembly

All uryogenic structural parts were*made;from'300fsefieiistain-
less steels, Two cryostats were constructed: one for use at
-423°F and one for -320°F, The two units were identical except
for the absence of liquid nfitrogen cooling of the lower stem in
the nitrogen cryostat and a less- sophiscicated lid assembly for
nitrogcn servige.

“. 07 - B, ALIGNMENT AND ASSEMBLY

Since test alignment was critical, specimens were designed to
align themselves axially~hy three close-tolerance fastener holes
in each end, Lateral alignment was provided by confining the
specimen between polished guide shoulders extending well into the
fillet sections, - Allowance was made in the design of the grip
‘slots for up to 0,005-in, variation in specimen thickness, The
grips were made by furnace-brazing premachined grip halves and
then finish-machining the assembly for precisc allpnment. The
bases of the grips arc threaded for case of {nstallation in the
loading stems, A slotted alignment shoulder permits the grip to
be wrench~tightened,



Fig, 7 Cryostat Components before Assembiy
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A thermal iocking action was used to obtain tight joints with-
in the grips. When aluminum specimens are used, they contract
tightly against the steel-mounted fastecner pins, producing lock-
ing. Conversely, with titanium specimens, the grips contract to
tighten the holt group against the specimen. A thermal lock is
also achieved by using titanium washers between the threaded grip
bases and the loading stems,

The loaded cryostat assembly inserts into the fatigue-testing
machine by a unique mounting system that provides rapid installa-
tion and precise alignment. This mounting system uses tee-slotted
retainer plates fixed to the test mach'ne heads; matched tee-
shaped blocks, tapped out to accept the loading st-ms, are mounted
on the cryostat assembly. When these blocks are {.sertec in the
retainer plates, they provide a precise fit of the entire assembly.
The mounting system is l¢cked with paired wedge plates located in=-

- side the retainer plates. Figure 9 shows the retainer plate (A),

tee-block (B), and wedge plates (C). Alignment of eacnh component
of the system is necessary for testing .of sheet materials, and each
component must be installed in its’ indexed position for- each test.
The tee blorks and their retainers were- hand-fitted for precise '
alignment. The entire system was also. given -a final precise
alignment after ¢ssembly with a strain-gage alignment cell. Aligne-
ment was achieved by adjusting the head frame and retainer plates.

To illustrate the effect of column alignment, high-speed motion
picturcs were made of both an aligned and an intentionally mis-
aligned (7075-T6 aluminum alloy) specimen tested at 70°F, Figure
10 shows the c¢ffect of misalignment, Column buckling is clearly
shown under cempressive load,  (This celumn buckling is shown to
cause failure.) A properly alijgned 7075-T6 spacimen was tested
at three stress levels (20,000, 63,000, and 75,000 psi). This
latter stress level was above the yield strength for this material,
Figure 11 shows no evidence of column. buckling under compresaive
loads, Failure occurred in tihe tension portion of the cycle,

C. AUTOMATION

Systems used for both =320 and -423°F operation were constructed
so that testing could nhe performed automatically, with only peri-
odic monitoring necded, Automatic level sensor/fill controllers

were constructed for cach system,




Fig, 9 View of Cryostat and Mounting Hardware
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Compression Yeusfon

(a) Views before Failure {two complete cycles)

(b) Views at Failure (adjscent frames)

Fig, 10 Frames from High-Speed Motio Pictures of Misaligned
7075-T6 Aluminum Alloy Fatigue Test
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(2) Views before Failure (alternate frames)

(b)Y Views at Fallure (adjacent fra. es)

Fig, 11 Frames from {igh=Speed Motion Picture ot oo o1 s
Aligned /07>5-To Aluminum Alloy Jatipue oot
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During the first year's work, a Martin-developed circuit was
used that incornorates a small diameter platinum wire (0,0005-in.)
approximately 3/8-in. long as the sensing element, A sharp re-
sistence change of the heated platinum wire occurs as the element
is cycled from the liquid to the vapor phases, A transistorized
relay-control circsait is used to detect the resistance changes of
the wire, Point sensors located approximately 2 in, apart in the
cryosta’ are used to maintain liquid level betweeh the sensors,
Fill is automatic through a solenoid-operated valve that permits
liquid f11l until the upper sensor is immersed, Fill is then dis-
continued until the lower sensor becomes exposed because of boil-
off, The fill process {s then repeated, Figures 12 and 13 show
the liquid nitrogen and liquid hydruoZen controllers, respectively.

Frequent failures encountercd in the platinum wire necessitated
a change to thermistor sensing clements during the second year's
effort, For safety, a thermlstor in the lid:of the liquid hydrogen
cryostat serves as an overfill sensor, In case of* overfill, the
£111 valve closes, and the fatigue machine is stopped This action
also occurs if: the facility power Eails T

For additional safety, the control panel includes remote con-
trols to start and stop the fatigue machine. Therefore, it is
unnecessary for the operator to cnter the test cell after the
cryostat is installed in the fatigue machine, An intercom system
provides audible monitoring of the test, both in the control room
and at various laboratory locations,

A schematic diagram for the liquid hydrogen flow system is
shown in Fig, 14, A self-pressurizing, 1000-£ mobile storuage Dewar
is used to provide liquid hydrogen, Fill is controlled by a Martin-
designed and -constructed cryogenic valve operated by a solenoid-
gas actuator combination, All liquid transfer lines are vacuum-
insulated, Nitrogen and helium gas arc supplied to the system to
sweep-purge the cryostat, £ill line, and vent system, “The entire
system is normally purged for 5 minutes before filling, The vent
system has been designed to permit hydrogen testing under all
wecather conditions, The necessity for this approach results from
a potential gradient to ground that is developed through the atmos-
phere during certain weather conditions, This potential is often
sufficient to ignite a hydrogen-oxygen mixture at the vent stack
outlet, The vent system includes a water valve to preclude igni-
tion back to the cryostat and possible explosion, The water valve
consists of a 30-gal, drum containing a bell jar, The inlet to
the bell jar {s below liquid level; the outlet above, A goose-ncck
trap is uscd to prevent watcr from backing into the vent,
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Liquid Hydrogen Fill Controller
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Fig. 14 Schematic Diagram of Liquid Hydrugen Flow svstem
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D.' PACILITY

. PAETER

It was necessary to move an SF 10 U fatigue-testing meching
from the Denver Materisls Engineering Laboratory te the Demwer
Hydrogen Research Laboratory tu perform the 1{quid hydrogea has- -
dling and testing in a safe location. A test cell was constructed
for this machine, A 12x14-ft concrete slab base snd a blowout-
Lype test room were prepared, the latte: adjoining the existing
tensile test cell, It i{s constructed of welded steel, with a
heavy plate blast wall separating the two cells and a similar blast
wall between the cell and Dewar parking area, The remaining two
sides are covered with tiberglas attached to the frames with screws
so that the wall van readily blow out in the event ot an explosion,
A sketch (a) and a photograph (h) of the liquid hydrogen fatigue-
testing facility are shown {n Fig. 15, The liquild nitrogen facil-
ity is shown in Fig, 16,

E. PERFORMANCE

Thermal pecformance of the cryostat and systom has heen very
astistactory, Oviginal calculations indicated a liquid hydrogen
botloff rate of 3,5 per test hour tor the ciyostat alone, with
a liquid nitrogen=tilled cuter jacket to minimize hydrogen loss.

In actual practice, the liquid nitrogen fill was discontinued since
the totel system boileff of the cryostat, 7 ft ot transfer line,
six coupling joints, a liguid shutoff valve, and a storape Dewar
outiet system averaped only 7 J/hr.




(a)

(b)
Fig, 15 Liquid Hydrogen Fatipue-Lesting Facility
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V. TEST PROCEDURE

Specimens were tested at three temperatures: 70, «320, and
~4231°F, Cryogenic temperatures were achieved by constant-tempera-

ture liquid baths: 1liquid nitrogen for -320°F and liquid hydrogen
for -423°F,

A. TENSION

Parent metal aluminum end stainless steel specimens were tested
at constant test wachine platen speed corresponding to an approxi-
mate strain rate of 0,010 in,/in,/min in the elastic range, Aiter
the specimen yielded, platen speed was increased tenfold, Welded
speciwens were tested to failure at a constant platen speed equiva-
lent to 0.010 in./4in./min, Titanium specimens were similarly
evaluated except that the test spced was one-half that usea for
aluminum specimens,

The equipment and techniques uscd for tensile evaluation are
similar to those described in the literature (Ret 1 and 2), Type
AB-3 or FA-100-12 resistance strain gages bonded with EPY 400 or
Narmco 7343 adhesive were used for strain measurement on tensils
specimens, Spccimens were single-gaged except for uvne spoecimen
of each rype that was double-gaged for modulus determination, 1o
establigh accurate modulus data, the specimen was strained in “ue
elastic range at least three times, Th. same specimen was used
at each of the three temperatures, Strain gages were calibrated
using a tapered cantilever beam device to indicate strain sensi-
tivity (or gage factor) at each temperature so that wodulus data
could be properly converted to correct tor temperature effects.

B. FATIGLE

Specimens for farigae-testing wer. hand-pelishid on thetr edpo s
to remove all evidence of machining marks., All spocimens wero
prepared with the as-recefved surfaces intact, Aftoerwanrds, ti,
specimens were carefully mcasured and then fnstalled in tie Ciyu-
stat, The cryostat was fnserted into the fat fgue machine aond the
entire unit flushed with inert gis for a minimum ot 5 minates be-
fore 'Y liquid hydrogen fill process, After testing, the cryostat
was t. roughly flushed with warmed nitrogen gas betore Opci e,
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Except for the cryogenic aspects, testing was peirfiormed in a
rout ine manner, To obtain extra data, some of the discontinued
specimens were rerun at high stresses to produce low cycle failures,
Results obtained from rerun specimens compared favorably with data
obtained from previously untested specimens,
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“ens{on-testing at all temperatures sad' 1iquid ,
" testing were performed at the Denver facility. Fatigwe » :
" st voom smd ‘st liquid nitrogen temperatures was perfommed st the |
. Baltimere Division, T R

A, TENSION TESTS

, Teasion tests were performed at 70, =320, and -423°F to provide
data on: :

Ultimate strength; ,

Yield strength;

Elongation;

Modulus of elasticity;

=9

Notch strength;

Weld strength,

Triplicate tests were pcrformed for each condition, Results
of these tests are shown graphically in Fig, 17 thru 27, Uetailed
test data ave given in Appendix B (Tables B-1 thru B-9).

B. FATIGUE TESTS

Fatigue tests were performed to provide §/N curves at 70, -320,
and -A23°F, A atrcess ratio (RY of -1 was uscd for all aluminum
and stainless stecl apecimens, The titaaium specimens were not
sutfictently flat to permit fully teversed st.csuing and were
tested under tensfon/tension loading at & stress ratiov of 3,01,

Fatigue test results are {llustrated in Fig. 28 thru 5¢. Cir-
cles are used to denote data peints of specimens tested for the
firat time. Discontinued specimens are identified by an arrow
extonding tc the right. Reruns of discontinued specimens are
shown by square symhols., Detailed tabular presentations of these
data ars given in Appendix C.
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“¥IL. _DISCUSSION cF EESTATS'

A ALDMINUM ALLOYS

Of the six aluminum compositions employed in this study, four
are being used or have been considered for cryogenic service,
These alloys are 2014, 2219, 7039, und S456, The other two com-

v positions, 2020 and 7075, have not been contenders for cryogenic

’ service primarily because they are nonweldable grades, In addj-
tion, the 7075 is known to exhibit poor toughness characteristics
at cryogenic temperatures. However, these laiter compositions
wers included in the study for comparative purposes,

1, Tension Properties

The mechanical properties of the 2014-76 and 2219-T87 alloys
3 - (Fig. 17 and 18, respectively) are very similar and in substantial
£ S agrecoment with the data of others (Ref 3 and 4), These alloys are
‘ characterized y a greater temperature dependence of strength from
! =320 to -423°Y than from 70 to =320°F. Yield and weld strengths
show a relatively constant rate of increase with decreasing tem-
perature, Elongation fncreases approatimately SO% from 70 to ~423°F,

aificantly lower yield strength fn the 2219-T87 alloy. The . b

strength ratio values are quite high, Huwever, it should be recoy-

ulzed that most aluminum slloys exhibit guod notch toughness with

the relatively luw stress concentration factor (K = 5.3) used toy
t

this work,

The 2219-71%2 alloy (¥ig. 19) exhibits significantly lower
strength, Particularly yield strength, than the 2219-Ty7 tempars -
tion. This difference results from the absence, in the ~Tv2
temper, of post-solution neat treatment straining used ro ache oy
adiitional aging response {n the -T87 temper, Buctility increancs
with reduction in temperature, similarly to the 20014-Th and 22i4a
T87 altloys., Weld Atrength s comparable to the 221Y-T87. Not,
toughness is maintained at high levels down to -423'r,

et

The 7039-T6 alloy (Fig, 20) exhibics the chuvactorviat i, |, -

creases in unnotched tenston properties observed tar the 20t
2219 alloys, Notch Properties are also similar to the tanv. v -
loys, Unlike the 2014-2219 alloys, weld strength doc. ot L.,

significantly with decrease In temperature,




s _ive

The 5456-H34) alloy (Pig. 21) exhibits approximately 20X 14
ultimate strength than the 2014-2219 alloys. The ratio of yiald; -
ultimate strength is rather low. Zlongation is relatively inde-
pendent of temperature. At 70 to -320°F, weld strength fncreases,
but then decreascs with further temperature reduction. This de-
creose in weld strength and flat ductility curve is suggestive of
loss of toughness at low temperatures., The notch daca show good
retention of toughness down to -423°F, However, it should be noted
that the stress concentration (Kt) is not great, Results of other

studies (Ref 3 and 5) using sharper notches (Kt = 6.3-8) hl;; shown

lower toughness for this alloy at -423°F than for the 2000 series
alloys, .

The 7075-T6 material (Fig. 22) shows evidence of the onsat of
brittle uction at -423°F, Ultimate and yield strengths flatten
out between -320 and -423°F, Elongation is relatively independent
of temperature. Notch tests show a moderate loss of toughness with
reduction in temperature, Datus obtained by Christian and Watson
(Ref 6) using a sharper notch show a sigilficant loss of toughness
at low temperatures,

The 2020-T6 alloy (Fig. 23) shows very high strength properties,
Room temperature ultimate strength is equal to the strength of 5456-
H343 at -423°F, Although this composition is expected to exhibit
poor toughness at cryogenic temperatures, the limited evaluation
performed s not sufficient to detect such havior. Tensile duc-
tility increases to upproximately 10% at -423°F,

Modulus data for the five allovs are given in Fig, 57. Room-
temperature rvesults ure slightly lower but agree within 4% with
data obtained from the Aluminum Associution und from producers,
Published data are (ompared with the experimental data listed un
the following page,
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: Modulus of Elasticit (
. Alloy Experimental s Publl%’“ -

2014-T6 10.6 10.6
2219787 10.5 10.6
. 2219-T62 10.2 10.6

7039-16 10.0 -
5456-H343 10.2 10.3 5 " 5
707516 10.2 10.4
2020-T6 11,1 11.3

The highest modulus material is the 2020 composition, When
ntroduced, this composition was reported to exhibit a 102 im-
provement over exisilng alloys, However, subsequent study showed
1t to be approximateiy 5%. Nevertheless, this level is still
.than almost al! other aluminum alloys.

. YThcre 18 fnsufficient reliable data in the literature to con-
‘firm the cryogenic modulus data,

2. Fatigue Properties

Fatigue data for the aluminum allovs are presented in the
following figures and tahles:

Unnotched Notched Weldea
Material Figure Table Figure Table Pigure  Tublo
2014-T6 28 B-1 29 B-2 30 B-
2219-187 3t B-4 12 B-5 33 B--
2219-T62 34 B-3 33 B-& in B~y
7039-T6 37 B-10 Y] B-11 3y h-t2
5456-H343 40 B-13 41 B-l. 2 n-1:
7075-T6 43 P-lo o B-1.

2020-T6 45 B-18




The unnotchod 2014-T6 alloy exhibits increased atrcn;tik’

for 10 cycle life of approximately 300% with reductiom
4w CeompeTature from 70 to =423°F. As noted for static
‘behsvior, strengthening is greatest between <320 and

«423°F. The fatigue ratio® increased from 0.23 to 0.48

with reduction {n temperature, The curves obtained at

70 and -423°F were significantly flatter than the -320°F
“ curve whica showed a slight knee, Although the ressom

for this is not completsly known, a slight uisaligament
~ may be responsible for this condition, Testing performed
o - on similar aluminum alloys at -320°F during the second
- ye#t's effort did not show this behavior, Alignment ac~
curacy achieved during the latter period is believed to
’,t‘ snp.:ior -te’ that attained during the first year,

’loteh tast tetnlti shovw a significant decrease in fatigue
strength compsred to the unnotched data, The fatigue
}l:r!ugth reductton factor (Kf)?, also known as fatigue

‘noteh factor, was rather poor. At 10 cycles, the factor
“:{ncveased from 2.0 at 70°F to 6.0 at -423°F, The low

1o eyele (103) end of the curve shoved a leas significant
_-effect with an inftial value ot 1,4 at 70°F, which {n-
creascd to almost 2.0 at low temperatures,

Welded joints also show a loss of strength compuircd to

the unnotched material, However, comparing the 70°F
static 2014-T6 weld joint cfffciency (80R) with the ratio
of weld facigue strength/unwelded futigue strength (691),
& very good retention of weld strength under dununie load-
ing is evident., At cryogenic temperaturcs, a ~-rxed de-
crease in this atrength ratic is noted,

S8 (static tensile strength)

.y 3 .
*atigue ratio = sn (Tatigue stiength ot n cycles)

tFatigue stringth reduction tactor or fathpue aoteh tacty -

X - lgti‘ue strength of unnot ched specirneas wt v cyeles
( f) Patigue strength of notched spectnens at nogycles

, ,
LA IR 1y v it .
PRARIRITE S Vi W S - > o,
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b, 2219 T37

Unnotched specimens of 2219 T87 alloy show behaviot simi-
laxr to the 2014 T6. except that a higher £atig‘e strength

e

5¢inum alloys evaluatéd.‘; pE
jwtch;redpctiqn in :emgerature i not quite 200%,:x,_

2014-T6,~which has-similar’ Qtaiic ;trehgthgping, exhibits
Cdy higher\fatigue ratio at -423°F. mAQdecreaserin»tatigue

ng~d v “ergﬁortion of
" the band gives a strength level ‘lower: than attained at 70°F.

The upper stress levely,zs,OOO psi“{is ‘closer to the ‘antici-
/ith data: for similar

its: show behaviar . almost

) The erengthening with
reduction in temperature aLrtha lower: cycle. -portion of; the -
 curve is. even less: ‘noticable than"for 201&-T6 "The fatigue
'strength reduction ﬁactor}(K ) increased from 2 8 to. 5, 0

" The weld bahavior is characterized by similarly flat curves
showing major strengthening betwe¢n~-320 -and -423°F The

fatigue strength at (70°F: (10 cycles) 1§“similar to the
value for 2014-T6, but superior at; -623 F.ﬂ Theﬂ.atigue

ratio (10 cycleq) 1ncreases from 0 20 to 0;28 as tempera-‘;
; ture is lowered e e xf i - L
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Martia-é§-6&-74;

e

P

- The knee’ obse
_ mot -apparent in this te
‘Curv s_atvdll hte

iy = Sy .

T e unnotched 7039 ,
“amount of strengtheniug between_ A ,
to 105 cycle»range. “The amount: of strengthening from:
. -320':0 <423°F was minor in the above;cycla'range., How-
 ever, at 106 cycles, the -h23'?4cutveyflatten out an 612*’
. a greater: strengthening:is. noted,: gfatigue ratio: 10."'
cycles) is excellent over the’ entire tae rature range,
1ncreasing from 0. 31 at 70‘? tncOV& '




80 Martin-Cl-64-

Notched fat_gue testing revealed very similar behaiior
- at -320 and -423°F, with the curves almost coincidental.
The 70°F curve is digplaced downward slightly from” the

two cryogenic curves. However, at 106 cycles, the strength
. --levels of all three are quite similar., The reduction fac-
'E3§tot.(K ) ‘increases ftOm 2.9 at, 70 F to 4.4 at both -320 ,

‘nnd 423°F. Although the rovm temperature'value 18 not
Mquite as good as noted for several other candidates, the.
23° F value is one of the best determined in this study

.The strcngth value B3
are very similar to'those,bb;li§ >

2

sting: ‘(,1though the —423 F
'fatigue strength is'similar to thkat‘found :for 2014-T6, the
static strength {s significantly lower; hence, the supe-
rlor fatigue ratio,

The notch f:Li&uc test rcsults qhowed a larger spread in

106 cycle sCrength than’ the previ

- tions. - However,  this spread vas
e crength was~ detected at 2320% g :
+~ 70 and -423°F the" reductio ( f)'v lues were quite‘

"5joutstanding Although 5456~ -H343 ‘shows evidence of a
" gréater loss of toughness in static testing at -423°F
- with starp notches than the 2000 series alloys, dynamlc
testing with a milder notch does not cause a significant
. 1oss of strength *_; :  _£h‘,., , R

- M

Testing of welded matrrial showed slmilarly shnped £1at

curves for all temperatures, : Strengthening at~106 cycles 
was greater between -320 and -»23 'F - than from’ 70 to -320°




'”*fnotch testing»and therefore suggest ‘the: best notch behav;"x
',ior.i However, Kf is based on the unnotched strength val-

At =423°F,
' yalueiobtained for the tougher 2000 seriesfailoy

'ues

... 2020-T6

‘rable:to’ ‘the: 5456 “composition’
“much higher‘static tensile properties ,2020 T6 exhibits

81
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The fatigue ratio was constant at 0,22 for both 70 and

-=320°F and then increased to 0.42 at -423°F. The latter
~value matched the best value obtained at -423° F for all

aluminum alloys evaluated,

7075-16

Unnotched fatigue behavior of t.ls composition was charac- S
terlzed by similar shaped, steep cutves._ The - strengths

6
at 10 cycles were among ‘the lowest obtnired “ Ihe fatiguc

ratios at 70 and -320°F were the lowest found. in~ this’ study.’ -if
the facigue ratio (0.40) . corr08ponded to}thew S

w§e 3 ] study Of thﬁ Stﬂtic tensile,:;,

As noted above the room temperature fatigun ratio
is very poor and the -423°F value is misleading. There-
fore, it is difficult to accept the Kf data as calculated
without interpretation,

L
trength:values. compa-

;- ‘because of the.

The unnotched .2020-T6: alloy -showe

relatively high fatigue ratio values. The knee at -320°F
is tyyical oE other aluminum alloys tested durlng the Iirst

_ year.n;€

»Comparison of Results

A brief comparison of fest results ts presented in Table 5.

This table presents the fatigue strength at 106 cycles for ,
each material, test condition, and temperature. In addi-
tion, fatigue ratio daca are ptesented for unnotched and
welded tests and fatigue: strength reduction factor (Kf)

for notched specimens,
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: A bar graph prasentstici oI the data is givenm in Pig,! %3.
" The metch dats sre presented in terms of the reciprechl /7'
., of the fatigue strength reduction factor to make the une
_ wotched and welded data more understandable. R

%

The data show that the two 2219 compositions and 703976 .
exhibit the highest unnotched fatigue ratio at room tem-

perature., At -423°F, the 2014-T6 and 5456-H343 are supe-
rior,

The bar graph for notch properties shows the 7075-T6 to
be outstanding at 70“F, followed closely by 2014-76 and
5456-H343, Significant losses in reductien factor oceur -
on cooling to cryogenic temperatures. Al -423°F, the
707576, $456-H343 and 7039-T6 all exhibit comparable
properties,

 The welded behavior is characterized by 2219-T62 exhibit-

ing the highest 70°F fatigue ratio, At -423°F, both 2219-
762 and $456-H343 exhibit the heat behavior,

Effect of Stress Ratio

The results of two tests performed under tension/tension
loading show the effect of stress ratio on tatigue proper-
ties, Although ftnsufficient data are presented for a
quaniitative analysis of the effect, the marked increase
in life 1is apparent, Figurc 59 cowpares 2219-187 parent
wmetal and 2014-T6 welded properties tested at I = -1 with
points obtained for R = 0 at -4237F,

It ie proposed to study tihe effect ut stress ratlo nore
thoroughly fn future work,

Fractured Specimens

Testing under axial loads and tully reversed stressing

(R + <1) does not leave much ot a surtace to study after
fracture, The rapld pounding of the matching surfaces
atter fracture destrovs most of the usctul intormration
that could be obtulned trom o surtuce <tudvy, Hoever,

some observations ha e been made,
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S .

1 10 w' w0

Fatigw Lite, Cycirse

Fig. 59 Effect of Stress Ratio on the Futigue Properties

k.

of Two Aluminum Alloys at -423°F

The 3456-H343, 7075-T6 and 7U39-T6 unnotched tatiyue speci-
mens showed a laminated appearanve., The laminations prob-
ably open up after faflure us 4 result of the hamering
action, This behavior is typical for the strain hardened
5456 alloy even in static teusion tuilure, but is not ob-
served for the 7075 .und 7039 compositions in tension,

Weld fractures occurred at the interface of the tusion
gone and heat-affecied area.

Results of Other Studies

Extensive room temperature tests of two alloys cvaluatod
in this program, 2014-76 and 7075-T6, have bevn pertorncd
throughout the past years. These results sumnariced in

Ref 7 show a higher stress for tailure at 10" Lvites tha
reported in this work. The strengths reported for thos.
alloys, 25,000 to 30,000 psi, were primarily obtarned u oo, .
bending techniques. However, some axial data on suwooth
machined round bars are also indluded,



Several reasons for the lower strengths obtained ia this
study must be considered. The endurance limit ebteimed
by bending techniques may be as great as 30% higher than
values obtained by axial loading. When round bars are
machined, even for axtal tests, the surface of the mate-
rial is removed and defects are removed by polishing. .
In this study, the surface of the.sheet was left in the
as-received condition. . T e

The literature is almost void of cryogenic data for com- Rt
parisch purposes. The only data for which a comparison

can be made ave been generated by Fortuna (Ref 8) on
7075-T6 using the flexure technique on polished specimens
machined from 0.750-in, diameter bar, These data are com-

pared below:
6
a les (ks
This Work (Axial Load, Fontana (Flexure,
Temperature (°F) R= -1) R= -1)

70 15 35
-110 -- 38
-320 : 22 se
=423 41 .-

The results of Fontana are significantly higher than oh-
tained in this work,

B, TITANIUM ALLOYS

The titanium alloys evaluated in this program represent each
system used commercially: (a) alpha, (b) beta, and (c) alpha-beta,
The Ti-5A1-2.58n crystallizes in the hexagoral-close-packed st ruc-
ture (alpha) und {s characterized by good retention of properties
down to very luw tempe.atures. The Ti-13V-11Cr-3Al alloy is u
beta-type crystallizing in the bodv-centered-cubic structure,
Body-centered-cubic materials are tvpified by ductile-brittl,
transition behavior and, consequently, arc not suited for Crvo-
genic service, The Ti-6Al-4V alloy represents the alpha-betas
type and combines hexaginal and body-centered-ubic phases. Lo
to the relatively low percentape ot beta phase in this particaloag




= The mechenfcal properties of the Ti-5A1-2.58n alloy are shown
- im Pig. 24,  Strength properties increase almost 100% from 70 to
-423°F. Elongation increases slightly from room temperature to
=320°F, but decreases sharply to 1,8% at -423°F, This behavior
would be expected for nommal interstitial Ti-5A1-2.58m, but not
for low-interstitial prade. A study of the chemical analysis
shows both iron and interstitial elements to be quite low, No
explanstion for this ufiusual behavior can be found., Plotting
the interstitial content of this material with the data previously
reparted by Bchwartzberg and Keys (Ref 9) on interstitial effects
in ¥4-5A1-2.58n shows that the ultimate strength falls slightly
above the curve (Fig. 60), Dats of Espev, et al, (Ref 10) and
Christian (Ref 11) at higher oxygen equivualent contents showed
satisfactory ductility,

Weld joint efficiency is very close to 1064 Notch tests
show a notch strength ratio exceeding 1.1 at -423°F,

The behavior of the solutfon-treated and aged Ti-6Al-4V alloy
is showm fn Fig. 25. Strength increased from 165,600 psi at 70°F
to almost 300,000 psi at -423°F, As expected ior this composition
in the fully heat-treated condition, ductility decreased continu-
cusly below room temperature. Weld joint efficiency was verv good,
Notch properties decreased with reduction in temperature to a
strength ratio slightly less than unity at -423°F.

Pigure 26 presents tensile data for the Ti-13V-11Cr-3Al alloy,
As expected, brittie behavior was observed below room temperature,
At room temperature, a strength level of 200,000 psi was achieved
while maintaining 6.5% elongation, At -320"F, brittle fuilures
occurred through the pinholes or specimen fillet, No attempt wus
made to test specimens at -423°F., Weld strength decreused from
144,000 psi at 70°F to 85,000 psi at -423°F.

Modulus data obtained at 70, -110, and -320°F are presented

in Tig, 61, Data obtained at -423°F were not satistactorv ..ud
are not presented.

G e e e g




-320°'F

~
»
(=
J <P

} Legend:

‘ Source
b4 This Work
® Schwartsbe °g and Keys (Raf 9)
G Christian (Ref 11)
Q  Eepey. et al. (Ref 12)
\V4 Espey, et a1, (Ref 10)

ﬁi".
120 - Q
X
100
4 80 ]
i 0.1 0.2 0.3

Oxygen Equivalent (X)

m., 60 BRffect of Interstitial Content on the Urnotched Ten-
* sile Stremgth of 5Al-2,.35n Titanium Alloy
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— T1=5A1=2.58n

Ti=6Al=4V
-\ {_
«l3V=11Cr=3A1
o
-
«200 100 0 -lO0

Temperature (°F)

Fig. 61 MNodulus of Elasticity of Three Titanium Alloys at Cryogentc
Temperatures




2,

Fatigue Properties

Fatigue data for titanium alloys are presented in the figures }
and tables listed below: ,

T4-13V-11Cr3A1

53 B-26

The unnotched curves for the titanium alloys are characterized
by a general sharp transition from high strength to the level of
the endurance limit and ruther flat behavior above 105 cycles,
- The. | 10w 4 ! mamsiillmt and -exhibit

ot

e

Vgl » L St

The unnotched fatigue data for T{-5A1-2.58n are charac-
terized by a vide variation in low cycle fatigue strength
: oo A% fenction of. temparature, - -

However, at the high cycle end of the test range, the
cryogenic properties do not differ widely, The room tem-

perature stress at lO6 cycles {s almost 40,000 psi lower

than the cryogenic properties, The fatigue ratio decreases |
from 0,60 at 70 and <320°F to 0,48 at -423°F. Note that
the fastigue rstio values for titanius should not be com-
pared with those obtained for aluminum and etainless steel
bocawde of the d{fferencs in stress ratio (R). The stress }
tr‘ttdﬁ(l = 0.01) used for titanium testing would glve bet-

ter fatigue ratio data than obtainahle under tulle -
stressing,

SVersed

Notched fatigue results showed similar behavior .t 1] |
three test tumperatures, These curves did not sho tia
shurp trunsftion noted for unnotehed material,  Stiee-
decreased continuously with increasing life t itoughout

&

the teat range. The stresses for 10 cycle lite .4
and «320°F were very similar; 4 swall devrease in !ty
strength occurred on couling to -424“F. The

-t

tat iyue
_ qtuugh factor (Kf) at X06 cycleas increased progressivel-
!ij‘_‘.z'.l to 4,8 with decreasing temperature.



rir
I
ess than the room tev;eratum strength at

~423°F, The fatigue watio (106 cycles) decreased con-
tinuously from 0.62 to 0.27 with reduction in temperature,

b. Ti-6Al-4v

The unnotched specinens of T{-6Al-4V exhibit a smaller
“lfference in strenyth properties at the low cyclc cad
! the curve than for the Ti- 'l‘SlIw 4

n Etcnnt pread botween the 10° -cycle ste ,,j;”
7 - test  tanperdtures h‘mt«! ‘ﬂn&t G

l ,,cmntull,y 3 :
iﬁ. [} Owlﬂﬂtc

.VTM uotcb hﬁmor cf thh nuay it ‘aldwet 14 et

: re, - % for the three ‘test, tmcm:'m

;».':tnihtly lﬂ.p; 11: the !03 te 104 cycla range and th-n
: 1 ‘quita flat to 10 to !0 cycles, Strength values !a!l
. between 40, ooo and 43, 000 pot at 10° cyctes.

T

+ fatigue strcngtb reduction factor (K

) {5 somevhat
Jetter than obrerved for Ti- SAI .38n,

The values in-

crease from 1.8 to 3.2 for lO
duction in temperatuxc

cycles streagth vith re-

Fatigue curves for welded joints show a steep decr

lttength from 10 to lO cycles and then flatte

.. tween 10 and m cycles, The three curves are nearly

colml:hnnl, The fatfgue strength

-only slightly from 87,000 to 81,000

. temparaturw, The attendant increase
‘results in a net decrease {n fatigue ratio from 0.53 to
0.27 with reductton in temperature, These values are
<Ilitﬁtly lower than obtained for Ti-5A1-2,58n alloy,

easc in

it out be-

at 106 cycles decreases
psi with reduction in
in static strength
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strength to 10 cycles, The fatigue ratio at 70°F (10
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‘Ti- 13V-11Cr-3A1

e

The unnotched test results 1or Ti-13V- llCr-BAl ‘show a

3
rather steep 70°F curvevfrom 10" to 105 cycle:. The curve

"flattens out rapidly and remains flat to‘IO7 cycles, The
cryogenic curves show a somevhat ‘more gradual decrease in

s fcycles) is slightly lower-than obtained for Ti-6Al-4V,

“ ' The high value obtained at -320°F is somewhat fictitious
<, because: the gtatic tensile tests rcsulted in premature
';ifailure : P

‘(,creased from 70 to -320°F-and:then. increased“between,-BZO
., and =423°F, The, fntigue rati ; g

“of these’ values.
/,Fraptured Specimens f,\ 

* Fracture surfaces ‘were generalxy too”

.- Welded specimen fractures appeared to initiate in the o
" heat affected zone, but progressed thxough the cast struc- ./
. ture, . R : ik Tk

A comparison of results is proaided in Tablgl 4
“show the Ti-5A1-2; 5Sn composition to exhibit: superior un=-
_ notched properties, based on fatigue ratio, than the other .

Welded tests produced curves less steep‘than noted tor

the parent metal, The fatigueﬁs:rength at 106 cycles de-

lloys. The fatigue ratio:decrease
nd-then increaséd to' O, 247 at =k
'oth uryogenic temperatur

¢meared for study.

Comparison o£ Results

two materilals. Welded Ti- 5A1-2,5Sn and Ti-6Al-4V. showed
‘fairly similar behavior. The unnotched behavior of Ti-6Al-

.. 4V was superior to the Ti-5A1-2,5Sn, Ti-13V-11Cr-3Al T

showed generally poor properties below rcom temperature, ;
A bar graph prescntation of the data is given in Fig, 62, L
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. C. STAINLESS STERL

The 321 grade of astainless steel {s typical of the series of
austenitic chromiur-nickel steels so widely used for cryogenic
service because of their excellent low-temperature toughness,

1 nsfion Properties

The mechanical properties of 321 stainless steel are given
in Pig. 27, The unnotched behavior shows the characteristic rap-
1d linear increase in ultimate strength with very little increase
in yteld strength, as temperature is decreased, Elongation shows
a small ducrease with reduction in temperzture, but is still quite
high (36%) at -423°r,

Notch and weld strengths increase from 70 to -320°F, but de-
crease somevhat from -320 to -423°F.

2. Fatigue Properties

The unnotched fatigue data (Fig. S4) for 321 stiainless steel
show a very flat curve at 70 F. Curves obtained at both =320

and «423°F are moderately steep. The futigue ratio (106 cyclcs)
, at 70°F ts 0.37. This value decre.ses to 0,21 and 0,23 4t -320
B and -423°F, respectively, Unlike the aluminum allovs, which

; 2 show an {mprovement in fatigue periormance at iow temperatures

2 g as evidenced by an increase in the fatigue ratio, the 11 show s

3 : & substantial decrcase, However, the ubsolute strenpth values

1 of the stainless steel increase vith reduction 1n tempersture  ind
exceed the properties obtained In the aluminum alloy study,

Notched teat results (Fig. 55) show a flut curve at 7C°F aad

stesper curves at -320 and «423°F, The 106 vyele stress level
incresses from 18 ksf at 70 to 24 and 27 ksl at -320 and -.21°F,
vespectively. The fatigue strength reductfon tactor (Kf) i x-

g

ceptionally good, The value for all temperatures viried fro
{.8 to 2.0,

The behavior of welded Jolnts (Flu. 56) vas very sivily, 1o
that observed for the unnotched parent metal, Althouyh .old
i joint efficiency s very high in 121 stuinlesy stecl, the Lolded
3 fatiyue specimens attain only approximately two-thicds f fhe wne
&3 w+elded fatigue strength, The fatigue ratio values are v 23, 000,
and 0,24 at 70, -320, and =423°F, respectively,
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, Data for the three test conditions uare summarized in the tabula-
tion below:

Unnotched Hotched Welded
Temperature Stress Fatigue Stress ' K -1  Stress Fatigue
(°'r) (ksi) Ratio (ksi) £ _f (ksi) Ratio
700 32 0,27 3 1,8 8,5 20 0.23
a0 w6 021 26 1.8 0.36 T30 0.5
. m4.. 55 023 27 2,0 050 31 0.2
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properties can be ubteined under axfal loading for flat sheet mu-

terials at temperatures down to -423°p,

demonstrated that tests at Jiquf

Furtbernore. ft has been
d hydrogen temperature can he per-

formed for long periods

with automat jc t1ll control,

Data generated for the aluminum alloys show the tollowing:

1) Unnotched 2219 and 7039-T€ exhibit good properties
at 70'r;

2) Unnotched 2014-T6 and 5456-H343 were Superfor at -43273°f;

3) Fatigue ratio fucreases with decrease in temperature
for unnotched und wvelded spec imens;

4) Introduction of a mild notch reduces fatigue strength
-lgnlfic-ntly;

j 5) Notched 5456-H343 and 7075-T6 exhihit superior behavio
: . at 70°F;

6) At <423°F, 5456-H343 and 703%-T6 exhibit the higheste
notch fatigue properties;

P 1 e

7) Welded joints decrease futigue propertics, This |-
Crease 18 greater than the decreuse of stiength jn
Static weld behavior compared to parent wmetal, fg
not as great uas introducing 4 machined not. by,

8) The 2219-T62 illoy showed the highest velded Patise
ratio at 70 and =423°F, The 256-HIG Y way caomparab ],
to the 2219-T62 at -423°F,

The titanium fatigue test results shuow the tolloiag:

x l) Tl-SM-Z.SSn showed the best unnot ¢ hed ot Pt § ooy
¢ properties;

2) Welded TL-5A1-2,58n and TI-6AL-4V shaowed LEYR I 1N S P
behavior;

i 3} Notched behavior 0f TL=6Al-4V wun supeifor ta T)- Al -
2.58n;
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4) Ti-13V-11Cr-3Al showed generally poor properties be-
low room temperature,

Test reasults for 321 stainless steel show:

1) Unnotched fatigue ratio decreases with reduction in
temperature;

2) Notched behuvior was relatively good and was indepen-
dent of temperature;

o s e

J) Fatigue ratios for welded joints deccreased initially
with reduction {n temperature and then f{ncreased.

fl The following materials appear to be satisfactory for cyclic
service at cryogenic temperatures:

s < e

i Aluminum Titanium Stainless Steel
i 2014-T6 5AL-2,58n 321
2219-T87 HAl-4V
| 2219-162
? 7039-76
i 3450-11343
: Aluninum alloyy 2020-T6 and 7075-16 sppear to be somewhat .

questionable for service at -423°F, Ti-13V-11Cr-3Al is not rec-
ommended for crymsgenic service,
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Fatigue Properties

Martin-CR=-bu-7

z
£

8 ¢ Parent Meta®! 2014-T6 Aluminum Alloy

femperature

0t -320°r ~a23°F
Yaximem MaXimun Max i mam .
Tens o Tension Tension
S1ress Stress . Stress ;
CHO psi) Cycles to Failure (1000 psi) | Cvcles to Failure (1000 pst) Cytles to Failure
. L4 . 3 i ) , . 2
D, 0 300 = 10 63,0 1,80 x {u 65.0 1.00 x 10
. 3 3 3
30,0 4. 00 % 1U h 0 2.00 x. 10 £5.0 1,00 x i0
3"
RIL I 5.00 75,0 8,00 x 10
4.0 2.00 62.5 1.50 x 107
VIR 2,50 *
AN 3,30
30 4
0.0
33,0 3 .45
‘».“"' ; - .'4 I
) i.2% 2,0h.%10 A
; S B e T
, 1.6 10 3,0 2.58 x 10~ ) £912: x 10 r(disc);
S8 ! L0 2.7 x 10 4%.0 1.00 x 10 (disc)
Co Voo 1ol i) KA S R
200 L1y % 10 (disc) 25,0 RUEVRRNIE TN
. . . K
175 H.h! x U 2940 5.62 x 10 (diss)
o 6 < . :
F 1.03 x 10
Co 5.41 % 10°
fy
. 'y 10
6
Lt auon 10 (alsd)
[
AL T (e )

4. Axial load R = -1.

b. Specimen previously run at 45,000

psi for 1,12 = 106 cylces without feilure,




Martin-CR-64-74

. 2 h
Tahle (-2 Fatigue Properties orf Notched 2014-T6 Aluninum Afioy

Temperatury
J0°F -320°F ~423°F
Maximum Haximum - Maximum
Tension - Tension Tension
Stress Stress ..}~ Stress 7
(1000 psi) Cvcles to raflure (1000 pst) | Cycles to Failure (1000 psi) | Cycles to Failure
- 3 ‘ a2t : 3f
LR 1.00 x 10 5.0 4.90 x 107 . 40.0 1.00 x 10
o 2.00 « 10° 25.0 6.2 x 10° 35.C )06 x 107
3 3 3®
A 3.60 x 10 25.0 6,30 » 10 30.0 3.00 x 10
d h
R TRV 5.00 ¥ 103 103 27.5 49,00 x 103
- 3 39 : . 4 :
230 8,00 x 10 <107 z25.0 1.70 x 10 |
. A o , . . 2 4
20,0 1.30 x 12 10* 20,9 3.00 x 10° |
. |
R s ]
200 2:50 x 10° 0% 17.5 2.10 x 10° :
S e oo e g N
'8.u 2.10 % 10° 10° 17.5 6.0 x 10 |
o 4 4 . ‘, 1
5.0 6.60 % 10 16,0 9.78 x 10U 15.0 9.70 % 10
5 5 5
12,0 1.13 x 10 10.¢ 1,74 x 107 | 12.5 2.4 w0 |
A L5 _ S 5
1,0 1.34 =10 10.0 1.79 x 10 10.¢ 6,60 x 10
10,0 5,09 x 30° 10.0 © | 4.16 x 10° 7.5 6.10 x 10°
. . 1
. 6
TG0 1.2% x 10 (disc) 10.0 2.04 x 106 {dicc) 5.0 1,00 x 10" (disc)
6 ]
s 0 1.24 x 107 (disc) 10.0 2.13 » 106 (digc) 5.0 .02 s 1@“ diss) j
. . 6 ) 3 2. |
».0 J.1 x 107 (disc) 8.0 4.05 x 10’ 5.6 1.07 x 16" (disc) 1
¢
6.C 1,12 x 167 (disc) i

a. Stiress ratio (R) = -1,
Stre:ss concentation (Kt) = 35,

b,

.

thru h,

Specimen previously rua a

Footnotc Stress (pei) Cycles
c, 10,000 2.04 x 106
a. 6,000 1.12 x 10°
e 10,000 2,13 x 106
f. 5,000 1.00 x 10°
2. 5,000 1.07 x 106
h. 5,000 1,02 % 106

t i{ndicated stress for number of cycles showy without faflcre,
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L oA
Fativeo Properties o

Welded 2015-TO Ateminum Alloy

Temperatare

70°F -320°F <423°F
Ma " . Maximum Maximum
Feen n - Tension Tension
Stress Stress Stress
OO pei) Cyveles to Failure (1000 psi) Cyeles to Fatlure (1000 psi) Cycles to Failure
» R
3o on x 1] 35 1.00 % 1U° 50.0 5.00 x 10°
1o % inj 32,0 2y x4 26,0 2.00 x }Uj
30,0 1.00 x 10" 39,0 1.05 x iﬂ* 40,0 3.00 x 1u3
2.0 1.50 x 1u 30.0 2.7 x 1”7 40.0 .00 x 10°
4 5 * 3P
720 2.10 2 10 30.0 2.75 x 10 40.¢0 6.00 x 10
R 5.90 x 10 20.0 251 4 10 a0 VR ox MG
E 7
by .u x.7o.xv10’”:L 20.0 3.42 x 1051»_ 35.0 #.80 x 10
150 3.29 x 10° 20.0 5.51 % 107 35.0 8.46 x 10°
L
e 514 x 100 10.0 1.59 x 100 (disc) 30.0 1.82 x 10°
. 5 G i ; .6 s . . 5
: 1.02 x o (s 10.0 3.30 » 10 (disc) 36.0 2.65 x 10
Y .03 < 107 (disc) 10.9 5.20 % 10 (disc) 30.0 3.18 x 10°
0 Lo x 108 (dise) 25.0 3.64 x 10°
17.5 1.01 x 10" (disc)
17.5 1.03 x 10°
17.5 1.06 x 10°

Axial load R = -1,

Spoecimen previously run ut 17,500 psi for 1.01 x 206

cycles without failure,
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Table C-4  Fuatigue Properti ‘ b Parent Metal 22149-T37 Aluminum Alloy
; Temperatuie
20°F -320°F ~423°F
Haximom Max imum Maximum
Tennion Tens fon Tension
Strens Stress Stress
CHUNG pLy) Cycles to Failure (1000 psi) Cycles to Failure {1000 psi) Cycles to Failure
ATIRY, 9,00 % loZ 95,0 6,00 x 102 62.5 1,50 x lO’
. 3 ..
Y 3.00 x 10 5.0 1,70 x 103 62.5 31.00 x 103
3 3 3¢
TS 100 % U7 5%.0 1,90 x 10 62.5 4,00 x 10
NP AL00 v IUJ 35.0 4,51 x IOA 62.5 7.00 % 1()3
3
FEEEY! 9.9 ¥ 10 35.0 .46 x !04 62.5 7.50 v 103
v IR IO 35.0 8.02 x 10 55.0 440 x 10
4 5 v P
| L0 2.27 x 10 35.0 1.16 x710” x 10°
| ./4 5 e 4
| 350 2,43 % 10 30 .0 1.01 x 10 55.0 8.90 x 10
\ 4 LA 5
3.0 2,82 x In 25.0 1.0% x 1¢ ) 50.0 1.24 x 10
4 6h
¢ 3.19 x 10 25.0 2,05 % In 47.5 1,73 « 1o
1
- lo - - (‘3 . ’ N . . »
) 4,60 % 10 Jnn [N B 50 T L E a4 P2 w
3.0 1.40 % 107 15.0 1,05 ¥ 16 47." 31.05 % 107
- ( T
| b 166 x 107 155 2.0 s 10” 460 7.95 x 157
| , . t , AN
t, VRN v 1hy IR UL T B O AW} 0 Vs x 10 (disc)
| 0 ) f
L [T SR A L0 146 < 10 (disc)
KIS ] H.76 v 10
2208 3.56 x 107
22.5 9.52 x 10°
2rs 3,40 ¥ 106
| o . 6
! IIVARV L.45 % 1y
200 1.24 v 10" (disc)
a. Axial loat R = -]
| Y. Foiled through piniioles, 6
i \ ¢ Specimen previously run at L0000 psd for 1,46 x 10 cycles without failure.
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i
of Noetched

ST = L.

Tatle C+5 Fatigue Propfrtiusa 2i19-TH7 Aluminum Alioy
Temperature
70°F -320°% -423°F
Max fiim Max imum Max {mum ,
Tension Tension Tengjon i
Stress . Stress . . _ Stress : o
(1000 psi) Cyclen to Failire (1000 psi) | Cvcles to Faflure | (1000 psi) | Cycles to Faflure
. 3 - .o
r.0 1.00 x 10 27.5 2,10 x 103;" - 35,0~ 1.00 x 103
3 ) o S : ‘ 3£
U 1.50 x 10 25.0 3,50 x 10 - - 30,0 12,00 x 10
A o 3¢ B 3R
bou 1.60 x 10 25,0 4,30 x 10 29.0 5,00 x 10
3 3 3P
2on 4,00 x 10 22,9 /7.8 x 0 27.5 8.00 x 10
39 : \ 4
29,0 4,00 x 10 25.0 .20 x 10

b (disc)

7.32 x‘pr

6 (disc)

x 10 (diﬁc)

10

V'iqg (disc) ; %
10 fJ.ac) i
10 (dlsc{

a. Stress ratio (R) = -1,

bh. Streas concentration (K ) - 3 5

¢. thru h.

Specimen previdusly run at 1nd1cnted ttrco

failure.

Geatw)

Footnote Stress (nsi) “Cycles
)
C, 8,000 1,10 x 19
6
d. 7,000 t.19 x 10
b
e. ¢,000 6.94% x 10
f
f. 7.000 1.01 x 10
¢
8. 7,000 1.02 x 10
‘
h. 7,000 1.00 % 16"

;tb;;number'oi’cyclc. shown without.
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Tahle C-6 Fatigue Prnpprtivsﬁ of Welded

3y
.~

19+T3> Aluminum Alloy

Temperatuie
70°F -320°F -423°F
Maximem Maximum MExfrsum
Tension Tension Tonsion
Stress - ftress Streas
(1600 psi) | Cyeles to Failurce (1000 psi) Cvcles tou Faflure (1000 psi) Cveles to Faflure
3 N 3 i " 3
30.0 1.00 x 10 32.0 3.10 x 107 45.0 o} 1.00 x 107
3 - 3 BT G T
33.0 6.00 x 1u 32.0 5.50 x 12
3C.0 9,00 x 10° 5.79 =
. "4 £
20,0 2,50 x- 10
- FRE S T %
23.0 3.30 %10
e
26.0 5.3¢ x 10
-4 s
IRV ;.90 x 10 17.% 189 x v
"t 1.0% = 100 1.5 31.19 x 10 35.0 5.50 « Wi
5 - 3 . ‘ 4
Yol J.ut 1 i7.5 3.3 x 14 35.0 7.40 x 1O
3 2.04 » 107 12.5 6.93 % 1o 35.0 117 x 100
SR 1.22 x l06 12.5 3.27 x ¢ 2.0 2.1 x 1G
e U s 100 (dise) 125 DU T 9.0 236 % 1o
39,0 .22 % 1)
S 2205 7.78 x 10’
Lol 6 N
e 22,95 1.0 o ¥ {diac)
¢
2. 1.13 x 10 (disch
! soial load R = -1,
. & . .
pecimens previouslv run at 22,500 pst o tor 108 x 10 tycles without tajlure,
Ypecimen previously Tun at Qx50 psi car 13 x XU“ cveles without failure,

ATy



Teble C-2

Martin=-LR=-03=~/

. A
Fatigue Properties

ot Parcat Metal 2219-Te2 Aluninua Alloy

Temperature

70°F 320°F «423°F
Max tramm Maximum Maximum
Tension Tension Tension
Struess - Stress Stress
o0 psi) Cyclec v Failure (1007 psi) Cveies to Fallure (1000 psi) Cvcles to Fallure
dé
36,0 4,00 x 103 45.0 7.0 x 107 65.0 1.00 x 103
3 3 3K
315.0 5.00 x 10 L4500 1.30 » 10 62.0 2.00 x 10
3y 3" ‘ 311
3.0 5.00 x 10 L3.0 1.0 x 10 60.0 4.00 x 0
3 3 : ' .3
320 1.00 x 10 43.0 1.90 x 10 ©0.9 2,06 x 1)
& 3 1
30.0 1.50 x 10 43.0 2.60 x 10 57.0 7.60 %x 1o
l‘h 3{ }
3.0 1.50 x 10~ 40.0 3.0 % 10 55.0 1.20 x 10
4¢ 4
30.0 3.20 x 19 49.0 9.90 v 10 SU.0 3.80 x 16
25 .0
22.0
20.0
19,90
18.3
D T - . 5 . 6
1¢ .0 3.L95 x 10 {disc) 25.0 2.75 £ 10 330 1.02 x 10 (disc)
. . S . 5 , (3
17.0 3.14 x 107 (disc) 25.0 8.8 x 107 33.0 1.04 x 10 (disc)
20.0 7.68 x 16 3.0 1.12 x 10% (disc)
. -
20.0 (.33 x 10
18.0 1.68 x 10 (disc)
8.0 | 2.02 x 10° (dis0) |
18.0 2.2y x

10% (dsic)

a. Stress ratio (R) = -1,

h,o ttru 1,

Spccimen previously run at indicat

Footnote Stress (rsi) Cycles

b. 15,000 3.14 x 10°

) 18,000 3.45 x 10°
18,000 2.02 x 10°

. 18,000 2.23 x 10°

i 18,000 1.68 x 10°

g. 35,000 1.12 x 10°

h. 35,000 1.06 x 10°
35,000 1.02 x 10°

o

ed stress for number of cycles xhown without failure.
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. . . ; ) a i
Tahle (C-K Fat iwue Piropertios of an(!nv11 J2NeTh2 Aluminum Al)oy

Tompe vt
n°F -320°F =423°F
M e, Max g Mae ham
Potisone Tension Toension
St rosis Stress ‘Stroess
(1000 pst) Cycles to Fatlure (1000 psi) Cycles to Fatlure (1000 psi) Cycles to Failure
3¢ » ) 3 ;
25.0 2.00 x 10 36,0 1.2 v o A0 ,0 1,00 w 1
d { _
Q0.0 00 % m] SN 2,30 x 103 ) 35,0 2,00 % l(iJ
3" lﬂ 31
T 3.00 x 10 20,0 1.20 « o' g .00 % 10
) i
3 . ‘ 3
Ji 4,00 x 10 20 .4 1.29 = 10 20,0 57,00 x 10
Yir fy 7.00 x 10 Yot Poad w1t 22,5 7.00 lU’
[ 2.20 1y’ 1,0
B 4
1 2,800 % in,0
Lo 100 x 107 T
T 1,06 % 107 7.0
¢ vh o 10° 5.0 7
TN, H)) L) PLig Y (sisg) T 3.8 x 3(‘,
« T T [ Poio w100 (disyy 7.5 1.93 « H)h (drsy)
(x .
115 s 100 (disd) bNY 9200 100
P26 10 Gdia 6.0 voos s 10" i
nohy oo - l(ih (digc)
3. Stress ratio (R) = -1,
b, Stress concentration (K!) = 3.5,
. thru §. Spccimen previousiy run at indicated stress {or number of cycles shown without
TtV qon
Footnote  Stress {ps{) Cycles
6
c. 6,000 1.52 x 10
y - b
d. 7,500 1.26 x 0
e, 7.500 1.13 x 106
s 5,000 1,70 x 10°
g. 5,100 1.11 x 10°
. 6
h, 3,000 1,13 x 10
[
i, 6,000 1,03 x 10
6
IR 7,500 1.0 x 10
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c-9

Table C-9 Fatipue Percrtivsa of Welded 2219-T67 Aluminum Alioy
Temperatare
10°F =320 F «423°F
Maximum Maximum Max imum
Tension Tension Tension
Stress ; Stress Stress . X ) B
(1000 psi) | Cycles to Failure | (1000 psi) | Cycles to Failure | (1000 psi) | Cycles to Failure . .
, 3 34 . N 3 v
30.0 1.00 x 107 40.0 Lo x 10 50.4 Lo x 1o .
3h . 30_ » K 3 ’
30,0 1.00 x 10 40.0 1.7 % 10 50.0 2,00 = 10
3C 3 . 3g
10,0 2.00 x 10 40,0 3.5 x 107 o 50.0 .. 3.00 x 10
. 3 . 3 e . P f - 3h
27.0 8.00 x 10 40,0 4,1 w10 47.5 4,00 x 10
4 | Wt 3
27.0 1.10 x 10° 30.0 EREERT 45.0 9.00 x 10
4 ) gi
20,0 $.70 x 10 30,0 2.21 » 10 42.5 1,70 - 10
26.0 7.60 x 16"
20.0 7.80 x 10°

106

19.0

1.%0 x
1.30 »

1.46 x

‘10‘,

106 (disc)

10h (disc)

10°

1.8 » 0

[ 28
“r
o

to
o)
.

w

4.62
S, 6
1.02 ¥ ju (disc)

X lO6 (disc)

1.00

x 106 (dinc)

Stress ratio (k)-; -1.
. thru 4, Specimen previously run

Footné(e-r Stress (pl§)~~ )
b. ' 12,800
Ce 10,000
d. 15,000
e, 15,000
f. 19,000
& 22,590
h. 25,000
i. 22,500

at 1ndlcnted‘st:e-s;£pr>h

“Cycles
1.50 x
1.30 x
1,11 x
1.81 x
1.20 x
1.00 %
1.02 «
1.08 &

—
=~
-

—
-
(=g

Lo A N i aad
C . C O & ©
> 00 >0 > > > @

umber of cycles’
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Table C-10 ¢ Broert o et Parent Setal 703976 Aluminum Alicoy
Temmrator,
70 F «320°F =423°F
S e Pl e Maximm
"~ Wreen jersion Tension
DL SLTeNS Stross
{1000 psi) Cycles to Faflure (1000 psi) Cycles to Failure {1000 psi) | Cycles to Failure
3° 3 : 3t
4.0 4,0 x 10 S0 1.03 » 10 . 75.0. 100 x 10
i 3 33
e 9.0 v i N0 200 x 0 7C .0 4.00 x 10
' N 3t‘ 3
PELIY 1.0 v i 6 U A.00 x 10 63.0 7.00 x 10
4 3® o g
ML HIRA T £ ¥ T 7.00 x 1O 60 .0 1.00 x 10
. o Wk
4 . - -
Y 220 % 10 IR HH TR L) 53.0 1.40 x 14U
, _ih V A
i5.0 240 2 10T R Lo w107 x 10
Jer, ot AR ¥ !l‘..‘ RIER Y] .'.90 ¥
Y TR I 4300 3.‘"3 X
s PRTT 42 .5 670 x B R
, ) ESRUL S
e L o tu 3.0 1.3 » x 10
N . 6
AR 1 L T B S [RE $.77 | 8 (AU 1.02 x 10 (disec)
5 I
o T2 v 10 (diso) 12 CRRE TR L 37.5 1.00 x 10" (disc)
[N o - 6
Tt 1.26 x 1D (4is:} LY iy 1.0y v 107 (aisc) 3. 1.02 x 107 (disc)
LS . - » <
/.0 1.09 « 10 (di<e) 1.0 1.02 10 (disd)
6 .
- 0.0 1.78 » 10 (disc)

thry B

taLt ot

Footnote

a. Stress racic (R) = -1, )
Speeimen previousiy run

at indicated stress for number of cycles shown without

Stress (oS00

b.
<.
d.
e.

f.

17,000
17,0600
18, im0
REUBR DY I1]
O M)
et
LR LE
T,y
37, 00m

IR AL

Coc fuos

1,29 ~ H)”
i.26 x 16°
1.2l x ‘06

6

. b

.08 w 106
6

.78 » 1w
. 6
1.02 « 10
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Table C-11 Fatiwue

Martin-CP-64-7.

. «t ;l
PT;';‘( L SER TR [ N S Tk

703y To

Aluminus Aii:o

C-11

70°F

-32C F «423°F
Maimuayn Max imum Mavimum
Tersion Tension Tension
Stress Stress Nvress
(1000 psi) Cycles to Faflure (1000 psi) Cycles tc Failure (1000 psi) Cycles to Failure
3 2 3"
2.0 3.0 » 10 0.0 1,30 = H& 315.0 1.00 x 10
, 3¢ . 3 ¥ 3
) 4.0 x 10 3.0 300 x o 30.0 3.00 x 10
3¢ I 3t
25.0 5.0 x 107 30,0 .00 x5 10 25.0 4.00 x 10O
20.0 7.0 x'10 25.0 6,00 x 10 . 22.5 7.00 x 10
B8 . .
20,0 7.9 % !03 220 8 .00 x 103 19.6 1,30 x ]O*
. A A 4
15.0 1.3 x 10 20,0 1.9 x 10 18.5 2.30 x 10
100 6.8 » 10° 15.0 4.00 x 100 17.5 3.20 % 107
I, 5.1 x 107 12.5
; ’ e, -
6.0 1.481 < 10 (disc) 6.5
o S 6
oo [.6%46 « 10 (disc) 6.5 booo « 10 (disc) 7.5 1.01 x 107 (<2isc)
. 6 i ] . [ .
w0} 3.397 » 10 6.0 1,00 x 16 (disc) 1.5 1.0 x 10 {(disc)
6.0 1.0} = 136 {disc) 7.5 1.07 x '06 (dis¢)

a. Stress ratio (R) = -1,

1]

¢. thru §.

Scecimen previously run at indicated stress for pumber for aycles vhown without

L. Strvss concentration (K )- 3.5.

faﬂure
Foolnnte Stress (niif) 'Cvcles
« w000 1.481 x 108
d. 6,000 l 646 x U)6
e. f 00 1.00 x !0
f. 6, (0 1.0 « m
K. By o 1,00 T
6
h. 7 oMM PO x 19
N
i. 7,000 1.0 x 19
S
;- 7,500 1.6G1 x 10




Martin-CR-h4=-7<
o C-il0 o We D v TorgaeTh Alumioem Al
T e Uatuy
70 F =320'F =523°F
Ma: inum Masie. M imum
Toasion Tension Tension
SUress Striss Stress
(100 psi) Cuvcles s Fatinre (1000701 Cooies no Failure (1000 psi) Cueles to Failure
; 3 8 , 3
30,0 L oA 10 L0 0 b io 40.0 1.00 % 10
by :
S 1.0 % L0 b0 L0 !“; 40,0 2,00 % 10
C , 3f
< .
S 2.0 x 10 320 ooy o 10 37.5 3.00 x 10
.- 3 . 4 ; o
7.0 8.0 %107 30.0 1,30 x 10 36.0 . 5.00 x U
k J7 - i g
. 3 . % . . 3
20 a.n oy in 275 4.00 x 10 36 8.00 x 10
J ;
. R - 4 et
200 7.2 x 0 25.0 2.1u x 10 35.0 .
t v 5 L
th 3.4 ‘f). 24.0 1.5%8-x 10 30.0
b -
4 . 5
19.0 .43 = 10 22.% 3.316 = 10 25.0
_ . 4 5 o : 5
L0 7.6 x 10 20.0 5.08 x 10 25.0 7.10 x 10
SRE 248 % 107 ERE 8.5, 107 225 5.62 x 10°
b .
s _ 6 4
(.0 1,46 v 10 T 1.,3 > 10 20.0 .61 x 10
D . ,..b 6 .
Lo 6 4,82 w 1D 16.0 b.u6 % 16 i8.0 1.00 x 107 (disc)
b . T~ L . t .
~ .13, (disc) e 0 b.7 o {(disay 8. 1.04 x 107 (disc)
1,
.t HAAY YO feding
® o [ S 1o (disod

a. Stress rat(o (R) = -1,

5, thru g. Specim(n previously run at 1nd£cated srresﬁ

[ S TTRE NN

Faptnota

Strees (si)

ren

b S, a0
. -

c. h R

d, LIRSS

¢ Ve, ann
.

f i HELE!
. f

P. fe uing

tested witiout wedae s e

AR !

Cvcles
PRARA L

: [t

112 x 16°
1.553 « 10°
1 L4RG x.lob

vad ends

for: number of- cycles shovn vithout fnllure;f.'

t

RETV N,
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e
Table €13 Fatipae Propertics of Pavent Setal

5436-H343 Aluminum Alloy

Temperature

FO°F =320°F 423 0F
Havimum Moy jmum Max {mum
fenson Tension Tension
Stress - Stress . Stress
CLORE e ) Cvieles to Failugs (100 ps i) Cyclex to Failure (10U pst) Cycles to Faiflure
j 3 o .3
R Lo x iU} 50,0 i 10 7.00 x 10
TR L0 % 10 350
4
185 .00 v 107 52 .0
3 .
x5 3.00 x 10 50,0
N 8,00 x 07 . 500
55 1.0 x 168 500
550 1.40 x 10 4.0
K
T V IR }“:“ 0,0
: N R T 400
30 5.7 1" ET R
2 ‘ b ) 9
L FESUMIEPS 39,0 1,32 x 100 3 i0.u 8.86 x 10° (disc)
- - S
) -
1,00 ¢ 1] 30 0 238 x 10 40-,0 5.07 x 10
. - f
; 450« 10 T I a0 1.92 x 10 (disc)
: f
Ty SO ok o 25.0 1.0 x 10
{
Dy 1.00 x 107 25,0 4,43 x ..
: 6 _ .
A 1,69 x 10 )
U L2.96 x 10 (diac)
fal tead R = -1,
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Table C-14 Fatigue Propertiesa of Nntchvdb 5456-H343 Aluminum Alloy

Tempe-atuere

TO°F -3.20°} ~423°F
tasimam . Maximum Maxfrmum
denaion lension - Tensjon
St Stress Stross
(1000 nai) Cycles to Failure (1000 pwi) tCyveles to Fallure (1000 pri) Cvetes to Fatlure
L ) 3 3¢ : 3
25,0 V.00 x 10 25.0 1,00 » 10 30 .0 1.00 x 10
3 ‘ 3¢ 3
20,6 6,00 x 10 20.0 1,60 x 10 : 25.0 3.00 ¢ 10
. ' f
3 3 sy - 3
20.0 7.00 x 10 20.0 2.30 x I 2200 3,00 x 10
1 2,80‘-)(101‘ 20,0 VRO w 10j 2.5 $.0n s 10
’ [N !:‘.
b 3,20 l()‘* 20,0 iy, 10 XY')B A Q.00 ¢ Ly
1.0 3.60 % 1 10w 107
.h
o ) 2.09 v 100 6.9 x 16°
10,0 3.83 x.10 2,90 x 10 ;
0 7 ]3:067x302 5.90 x 10°
s 1,18 x 10 9.70 x 107
.. 6 I 5 ) 5
75 1.50 ¢ 10 (disc} 7.5 2,24 x 10 14.0 1.09 x 10
, R 5 ) .5
60 7.23 » 107 (disc) 5.0 6,88 x 107 ‘ 12.5 3.06 x 10
6 b s
4.0 1.66 x 1607 (disc) 9.0 1.02 x 107 (disd)
) 6 N i . 53
4.0 .96 x 10 (diso) 9.0 1.05 x 107 (disc)
- 6 . 6 .
j.0 1,70 x 10 (disc) 9.0 1.05 x.10 (disc)

4, Stress patio (R) = -1,
h, Siress concentration (Kt) = 3.5,

¢, thru h. Specimen previsusly run at {ndicated stress for number of cveles shown without

fajlure,
Eo_-’f'.mt(- Stress (psi) Cvcles
kc, 4,000 1.66 = ln"
d 4,000 1.96 x 10" 2
.. 5,000 1.70 x 10”
(. 9,000 1.02 % 10°
8. 9,000 1,05 x 10(‘

h. 4,000 1.05 x 10




Table C-15

Martin-CR-bu-T74

o » - :
Fatigue Properties of Welded 3456-H3L3 Aluminum Alloy

Temperature

70°¢ -320°%F ~G23F
Max finum Mav i mum Max § mum
Tenejon Tension Tension
Strees Stress Stress
CLLnl pet) tyvcies to Failure (1000 psi) Cyvcles to Failure ) 71000 psi) Cycles to Failure
3 . ‘ 3 ’ A
foo 2.00 2 10 312.0 J.e0 w0 40,0 1,20 x lu
30.0 20w to J2.0 4.80 x 10 35.0 3.00 x 10
3 9 P 3 e L 3
30,0 3.00 x 10 2.0 8.40 .. 107, 35.0 6.00 x 10
N . 4
20.0 1.60 x 10° 10"
AEIRE: 2,20 x ‘ﬂ[‘ - 10&
200 4.50 x 107 10%
5 2an k100 17 10”
P 3.33 x 10° 17.0 2.62 x z’offﬂ 25.0 3.30 x 10°
; 5 : 5
38 3.9 x 10 17 .0 4.21 % 10 25,0 4,12 x 10
& b
G0 5.33 » 105 12.0 1.41 x 10 17.5 1.00 x 1) (disc)
v o 244 % 107 12,0 Z.9% x 10 17.5 1.07 x 10° (diso)
[N - 6 6
OIS 3.7 ¥ i 120 323 w10 (disco) 17.5 1,16 x 1C

A, Avial

Toad % =
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N L8 - . »
Table -0 Fatigue Propecties of Parent Metal 7075-T6 Aluminum Alloy

Jemperature

70°“F -320°F -423°F
Mavimam Mo fmum Max imum
Tension Tension Tensyoi
StLress Strurss Stress :

1000 psi) Cycles vo Failure {1000 psid Cycles to Failure (1000 psi) - fycles to Failure

63.0 1.50 x 10° 0.0 2.20 x 107 ¢ 0.0 | 1.00 x 10°

w7 R e 60,0 550 %100 8.0 1.00 x 10°
3 ‘ 3, . 37

£3.0 2.70 x 10 A0 6.70 % lu 800 ORI

17,5 - 306 x 10
17% o] 3% x 107

1.5 | 420 % 107

12,5 3 10®
2.5 2.¢7 % 10°
12.5 1,03 x idifidxsé{'

s T

4. Axial load R = -1, 5%';'6 3 v
’ w107 ¢

Cpecimen previously run av 35,900 psi fdrfi.li' yclelzﬁllhbﬁt_.
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of Nou:hcdb A

17

o
Vet -1, Fotreae Proportaes S-Th Aluminum Alloy
Temperatun e
“4°F ~J20%F -423°%F

I e T e M.ix § mum May { mun,
Lensfon Tension Tensfon
JCORS Stress » ) Stroess
Crong) peid (1000 psi) Cycles to Failure (1000 psi) Cveles to Failuve
3t : 3
y 0 25.0 “1.,00 x 10 0.0 1.00 x 10
, : v T ] 4
T 6,00 % 10 1S 2,00 x 107 25,0 5.00 x 10
3¢ ) o 3P . ' ~’oi
y .00 x 10 0.0 4. 00 x 1C 225 1.30 x 1D
. . ) 7 .
" 5,00 % 10 200 1,10 % 10 200 1,20 2 10
WL
[$ I8
1y
T KR 190 £.60 » 10 1.0 2.72 % 10
X .37 x 10 9.0 A w10 10,00 3 x 107
1.78 x 10 (disc 7.5 232 % 107 10,0 1.02°x 10 (disc)
1.4h x-10° (4ise) 5.0 Y,70 x 19° tou - | 1.07 x 107 (disc)
5.03 % 1!)6‘((‘!1&(‘) V.0 1.35 l(’)h (dise)
5.0 1.7 x H)b (dind)
Stpess tat oo (R = e},

Hrewn toneutratior (K ‘}5
)

st §,

tanure

ftmt tate Strear SI'.!D-

C, 1]
4, 7,509
¢, 7,00
', fy 00
v 3,000
W, LIS
{ 10 non

4.0 xm

IM:K‘Q
’;hxlo
lilxm
lnaxlfi
l}%xlu
!,a‘)?x!{)

°r of ‘eyelen shown without
s AR Lt
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. a
Fat igue Properties

af Parent Hetal

32
etse

=Té Aluminum Alloy

Temperature

AT R . L
il R P e

JOCF ~320°F -423°F
Mix i mum Max i mam dei‘mum
Tension Tension Tension
Stress Stress _ Stress
(1000 psi) Cyclues to Failure (1000 psi) Cycles to Faflure (1060 psi) Cyclec 1o Foflore
. Iy
. 3 , 3 : 3
URU 2.00 x 10 ;0.0 1,00 x 10 70,0 3.00 x 0O
. y
50.0 2.00 x 103 70.0 1.20 x 103 67,5 4,00 x 1L
. 3 3 , 4
50,0 4.00 x 10 70.0 2.30 x 10 67.5 1.5 x 10
3 4 A
40 .0 R.OO x 10 50,0 2.90 x 10 60 .0 1.70 x 10
3
50,0 431 x 10° 60 .0 2.0 x 104
. . . & A
0.0 9.i3 x v, .60.0 2.90 x 10
&0.0 -
w.o )s‘ ::
, 40.0
5 ) 5 ) . 5
20.0 1.29 x 10 &0 0 1.97 x 16 50,0 1.53 x 10
20.0 1.49 x 10° 10.0 16 % 10° 50.0 1.99 x 10°
26.0 1.6 x10° 30,0 1.9 & 100 42,5 7.1% % 107
1.0 1.76 x 10 30.0 1.27 x 10° 40.0 1.090 x 10°
f
Lk 3.90 x 10 30.0 1,22 x 16° 40,0 1,41 % 10° (dise)
30 1.03 x 167 (disc) 22.5 1.7 x 10° 41,0 1.5 x 10°
22.5 2.13 x 10°°
2.0 4.16 x 106
gL Awial lvad R ow <}, ' ’
and o, Specimen previoukly run at {sdicated atresn for number of cycles shown without
failure,

b,

C.

Siress (psi)

40,000
LG 000

1
i

.50 x 10
[y
4l x 10”0

Cycles
b

e s ey e it
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Martin-CR-64-74

. . '
Tanhle € =192 Fatapue Propesties  of Anncaled Patrent Metal 5At=0 085n Titaniam +00

"np:vr.s' (R o' ]
TOYF -30°%F 4231°F i
Max | mium Max {mum Mas jeum
Peasion Tersion Tension
Stress - ] Stress Stiess
{1000 pat) Cycles of Fatlure | (1000 pai) } Cuvles to Patiure | (1000 pet) | Cycles ¢ Failure
] . . RE o 5 \
| AR .00 x 107 YHG LU 1.0 » 10 220.0 .00 x 0
3 _ ! oo 3t
S 1.00 x 10 1Kt Ty 3,10 » WD 225 .0 1.06 »
3 1 : 4
N .00 » 10 {0 0 L, 8 x iU 5. A} IR 100 « i
. 3 .. JEETR TN B , '
R ESRALAE O R 17%.0 .00 % 1D - L0 IR 417 B
& 3 - " !
1190 1.0 x 10 {6} 0 6.9 x 19 - 200 .00 &
2 oan x 1 1hG 0 4.5 x 100 2600 L0,
10,0 1,35 x i .60 % 0
L0 2 §30 0
o RNt S 5 Cin s
Y 1,56 x 10 - (disr) o F IR 1ol »
: Y - Y
IR 2.60 % 10% (dg= 119, 0.7y n 130.0 2.8% x 10
v ‘. ]
100 % mf‘ Cdis0) 1110 2.0 x 1o® 11y ,n 1,08 x 1n
.
10%,0 3,79 x 1’
[}
103 .9 101 x 107 (ding)
. : h
10% .° 1,13 x 1 (dimc)
iwl load Row 0T k _ ER
P oo Speefmen o Peadd oy ran at trndjemted wirerk for aumher of cyoilee shown with il
fatlure, ' N
Poseeote Sarses fprad  fasles
4 :
W, FOS 0 1.3 x 0
- P D) 1,12 % luh
‘
d. TR 1,13 =« o




>

e, thea b,

Martin-CR-64«74
P ¢ v Propert fes’ Nocchcdb SA1-2.48n Tiwanium Alloy
;’.-rp‘ Tatiye
HIRES -324%) “423°F
"t Yl Mux rum
cnL e iension Tension
Mt pae Streens Stress
C1aotn pst) Lyctes to Faflare 100G pet) vyrtes v Faflure (1000 pei) tviles to Falflure
i ; ) . - . . ]l
1100 100 % 107, . 100.0 - 2,00 x 10
9.0 | 4.00°x 30° 2900 | 2.00 x 10
. ? ‘ B o ) ;
: R0 4.00 x 107 80.0. 3,00 x ¢
e 1f‘7*¥t,;3d ' . ?.} — o)
A IR ) RS ot 7,30 R 10 0.9 ;.00 x 10 ) 70,0 -7.00 x 10
. 3 o i 4 ) 3
N 3 % 19 s 1.03 x W0 © o 00.0 9.00 ~ 10
4 R RN : : a*
) P 3 1o INAAE 2.8) x 10 1.50 x 10
%3.,0
w0
LR
"A '(}
,'f}
e Lk 1T (ko 30,0 .62 ¥ 100 25,0 5.52 x 10°
i o 6 L " . 6 _
V3% v 0 (i) 280 3.4 » 107 (discl 20,0 1.02 x 16 (disc)
o HEA P o 5.0 V.03 x !00 fdise) 20.0 1.06 x 10 (dixc)
[3Y &
'y.0 20V w100 tdieo 20,0 1,07 ¢ 107 (disg)
. Stross ratio (0 ¢ U UL

Cepens concentral {on (K ) - 5.5,
t

Specimen peeviously run at indicated stress fox
faflure,

Footrmite Stress (psf) = Lygles

. 30,000 T4k 10°

) 30,000 fi,@z;i 10°
e, :lﬂ.unﬁ ' 1,38 x !Qh
{, S 0y,000 1.03 % "
9. RN 2.6l ¥ Iub
i 28,000 2.0 x 1"
1, 20,000 1,02 x 10"
1. 20,000 }.on x 10”
K, 20,000 1,07 x 10(

aurher of eveles shown witt o

'
1
<




C-21

Martin-CR-64-74
Tab'e C-21 Fatigue Prupvrticsa of Anncaled Welded 5A1-2.53n Titlnihn Alloy
Temperature
70°F =320°F “%23°F .
Maximum Mayimum Maximum
Tension Tension Tersion
Stress Strees Stress
(1u00 usi) | Cycles to Fatlu.e | (1000 pal) | Cycles to Faflure (1000 pai) | Cycles to Fatiure
' . 3 S R T I . 3
105.0 5.0C x 1o 15%.0 $.00 x 107 77 64,0 9,00 % 10
i R . 3b ) - . 3J
1U5.0 1.00 » ' 150.0 £.00 x 107 - 130.0 R.0u x 10
105.0 |7 120 x 10 125.0 | 1.80 « 10* 120.0- | 5.00 x 10°
< N .
ll(.'-o 1.60 x 106 ) iOOOG ‘090 ¥ “)“
95.0 ‘ 90.9 2.0u % 40

s

.79 x 12

70.0

70.0 11 x 10® ey

0.0 2.30 x 80.0 1,15 x 10”7 (disc) 60,0
7.5 | 19 x10° 60,0
77,8 | 1,10 % 10° (dinc)
75.0 o x 10°

171 & 10°

1161 x 100

1.12 % 107 (dine)

‘ 51.10 K 10
u.ts X lo°,
Ttz s ®

ahown witio
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Martin-CR-64-74

Table C-22 Fatiguce Properticsa of Solution Treated und Aged Parent Metal 6Al-4V Titanfum Alloy

Temperature
70°F -320°F -423°F
Maxirum Maximum | Maximum A
Tension Tension ' ’ Tension’ R A
Stress Stresg R Stress . L 2
(1000 psi) Cycles to Fatllure (1000 psi) Cycles to Failure (100C¢ pest) | Cycles to Fatlure .
150.0 7.50 x 103 182.0 2.50 x 10° ““180.0 [ 1.0 x 10°
_ A b
150.0 9.50 x 10° 162.0 4.80 x 10° 3
150.0 1.40 x 10° 182.% 1.02 % 10%%
135.0  |.1.70 x 10° 160.0 | 1.22 x 10%
e : P 8
135.0 1.90 x 107 160, 1.86 x 10°. |
135.0 2.00 x 10° 160.0 2.4% x 10°
85.0 1.00 x 10° 118.0 2.79 « 10°
5 A

: 35'0 1032 x lO 10000 50‘9 x 10

85,

P

TN [PPRMINS et s S B4 0.0 1| 3,30 x 104
10.0 1.97 x 106 (disc) 92,0 .’»7:;32,'3,10" , mis:-.o 3".30‘ x 10%
70.0 2.04-x 10° (d1sc) 96.0 6.29 x 10° 135.0 | 360 x 104
9.0 | 1.60x10 1300 -] 2.70 x 10% -
%.0 3.60 x 10° (d1e0)f 130.0 | 2.3 x 10°
| 130.90 1.02 x lob (disc)
125.0 1,21 x 10% (disc)
: ' }10.0 ] 112 x 10° (disc)s
oo |k

a. Axtal load R = Q.ul. ) ‘ ,
b. thru e, Specimen previously run ut Indicated stress for number of cycles ahown without

fatlure, - -
. Footnote Strews (psi) Qgg!ea
b, 110,000 1,12 x 10°
c. 110,000 13 x 10°
d 10,000 1.02 x 10° |
. 125,000 .21 x 108 :
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Martin-CR-64-74

A b
Table €=23 Fativwe Properties  of Notchoed' 6A1-4V Ticanium Alloy

Temperature

sdee

failure,

machinr

Fooitnote Stress (pai) v les
c. 40,090 Wl w
g, 40,000 S d.a2x
e, 40,000
f. 40,000
8. 28,000
h, 28,000
{, 32,500

itic load controller fatled,

10”
4
10°

70°F -320°F -423°F
Maximumn Max{mum Max1imum
fension Tension Tensjion
Stress e REVE Stress Stress. . .
1000 psiy TCycléQtﬁn:Filiurvf} (1000 psi) Cyclns to Faflure (1000 pai) Cycles to Fatlure
at. - ! 3“
70.0 60.0 1.2% 10, 90.C 2.00 x 10
. r’ 2h
ad -
70.0 60.0 1.97 10 80.0 4.00 x 10
. . ~ R i
o . _ )
70.0 62.0 2,15 x 10" 70.0 7.00-x 10>
60.0 6.00 % 10° 60.0
36 :
YV RY] 1.¢0 x 10 50.0
ST, 5.00 x
0.4
5.0
$h.0
D0
W ° (disc)
5 . ; ) A
NVRE 1,42 x 167 (disc L0.0 2.45% x 10 3G.0 8.7 x ¢
R 6 ¢ » o
RO 4.73 x 10% (d1seH 40.0 1.87 x 10° (disc) 28,0 {00 x 10° rdisc)
25.0 1.06 » 10°% (dine)
4. Stress ratio (R) = 0,01,
. Stress concentiration (Kg) = 3,5,
«. thru i. Specimen previous!s run a* indicuted stress tor number ol oycles  oown without




Martin-i.K-64-74

tatlure.

Foothote Stress (pwi) Cvcies

h. #5,000 1,10 =

’ ‘. 80,040 1,07 %
4, KO0 O P

‘., #o Q00 LUy x

{. #0,040 1.%0 %

M »t) OO0 1oi9 »

10"
fy

iu
[N

14

L
¥

1avie C=24 Fativoe Froor’ UL Solution freated and Aged Veided RAT-LY Titanium Arloy
Temperiatute
iGTF ~520°F «423%F
Maximum Maximum Max { mum
Lensien Tenawion Tematon
Stricss Striak Stress
(Y0 pai) Cycles to Failure (100U psi) Cyve len to Fajlure (1000 psi) Cvcles to Fablure
.. . yp? N T o . 3
LAt 3.00 x 10 1hi}. 0 7 o % 10 130.0 7.0 x 10
, - 3 . _ 3 _ ' ' A
TRV ] @00 » 10 15G.Y LU 10 130.0 1.10 x 10
. 4 .b o .jv
Ly ) 4,00 %x 10 145.0 hei o x 107 SR 2.00 % iU
. A ‘} ~,(
iu0.0 2,30 » 10 [FAVAT 1.00 % 1¢ 125.0 8.00 x U
. s 3%
Y Voo os o] AT 1.90 % 107 120.0 7.00 % 10
(1,0 oo w107 135.0
NIy 600 = LU 1 3G.0
TRY B0 < 1yt 120.0
YO0 1,29 » 197 115.9
e e : 4 ARG SR
B3.0- SR TU N B LV 110.0
Ry (.10 x 107 100.0
< 1 3 b # 2 i -y 5
45.0 1.82 = 16 95.0 1,60 » 10 Bi.5 1.22 » 10O
A . A 6
40,0 L4.70 % 10 Vo) 1.03 x 137 (disc)
. o 4 b
i), 0) 5,00 x 10 K0.0 1.15 % 107 (&#isc)
87.5 2.04 x 107 80,4 1.50 x 10° (dirc)
[ .
55.0 1,10 x 10 (disc)
i, N
B0.0 1,07 x 107 (disc)
6 )
R0.O 1.12 x 107 (dise)-
a. Axial load R = 0.01. St Dk
b, thru »ye Specimen proviously run at {ndicated stress for nusber of ry:léq'shown without,




Teble C-25 Fatigue Properties® of Solutiom Treated and Aged Parest Metal 13V-13Cr-341 Titemism Alloy

Tenperaiate
F{ih -320°F -%23°F
Naximm Max t mus Max iomm
Tens tun Tension Tenston
Stress Stress Stress
(100G 4ei) § Coxlew to Fatiure {1000 psi) Lwclies to Fatiure (100G puiy | Cycles to Faiiure
5.6 650 x to} 1/5.6 2.00 x 10° 160.0 1.00 » 10’
5
23,0 7.00 ¢ ie’ 160.0 F.u0 > m’ tol,u .00 x 103
3
175,49 7.80 x w) 1es, U .00 & 13 Tan 6.00 x 10
i20.0 L0 x 0" 137.5 ik gt 1a.0 1,00 x 1y’
120.0 TR U 135.0 216 x 10t 125.0 5.00 » do’
120.¢ 2.9 x 1u° i30.u IR N 125,49 t.o0 x i
79.3 103 x 10° 125.u L DA i 1eS.u by X u”
79.3 119 w0’ 122.0 Y.k 4 iyl flu T R T
- o P . . p)
9.3 “ 9% x4 (disg) 126,145 | SR i fiby, 4 i & '
19,3 5.0 « 16° (dis., tiv.u [IRY PP B0 bl “or
77.5 1.0U M" fdvac} the,u L1 " P, [ i
il U [TPORY Pl )
113 YNV eolt iy’
Yo T TP
4. Axial Joad R = 0.01. T
Ba  Sprcitan proeviousin gt PRI Lk i o i

r——

iyt
SRRSO S




Martine-CR=64-74

Tahte U=l Foetague !’ru,u-rlic-'-." of Wolded 13V-ll0r-3AL Titaniam Alloy
Jerperatute
PR .32 %F ERVE R
Maximum RAVEE.. ¥1.4 Marimum
Tension Tension Tension
Stress Stress Strees
(10v0 psi) Cycles to Faflure (Lo pei) Ly les to Failure (1000 psi) Cycics to Fajlure
- - 3 3 - 3
175.0 1.00 x 10 494 .0 1.30 = 107 100.0 1.00 x 10
1OU.0 3.50 x 10 80.0 1.60 x 10 0,0 1.00 x 10
- 3 ) 3 : ) 3
l'J'JJ) 5.“0 x “J bO.U 3070 x lO 75.0 2aw x lU
.‘b ‘ jd .,h
LN ] 6,00 % 107 7%.0 3.50 % i 659.0 2.00 x 10
€ ’ 3{ 31
B13,0 1.40 x 1o 0.0 6,10 » 10 65.0 3.00 % 10
0.9 x 10° 60,0 1010 x 10"
hOLO x 107
550 | " x 10°
0.0 5 x 107
Lt 3 ) - - 5 &
“hoti 2.83 x 107 K10 x 10
2 1.1 x 16> 12 0 1.18 % 10% (lixc) 40.0 4,40 x 10
-
6 ; 4
3.0 2 0U 2 10 (disd) 10,0 1,19 = m“ (disc) al.u 1.0t x 10 (diwe)
.0 1,03 % 10" (disc) £.0 1,10 x 10 (disc) 35.0 9,70 » 1"
35.0 1,82 % 10°
5.0 1,03 x 10" (die)
10,0 b0 x 10" (dine)

a. Stress ratio (R) = 0,0,
b, thru {. Specimon previously run at indicated siress for number of ¢y les whown without

fatlure,

Foolnote Stresy (psi) ﬁlLLﬁ:
b, 40,000 4,00 »
<, 40,000 1,03 x
& 12,000 118 x
e, 8,000 o100 %
f, 10,000 Lolh x
K. 40,00 1,01 x
h. 6%,000 Lae
i, 10,000 1,60

[~

10
lu
10
10
10

& ws

[~ o

to

|{]
lo




Tavle C27

Fatigue Pruprltirhd

Martin-CR-hq-74

C-22

of Pilient Metal AISD 32! Stafnless Steel

Trnpcralun-

Ptk 2

~320°F -4 23°F
Max nom Maximam Ma x §mum
Tension Tensfon Tenston
Stress Stress Stress
100D pst) Cyvcles toe Failure 11000 pxi) e les to Fatlure (1o psi) Cycles tn Fajlure
2b . e 21
5.0 5.00 x 10 90.0 - 9.%0 x 1o° 120 1.0 x 10
3 4 . : 3
YU 1.00 x 10 80.0 1.92 x 10 129 1.0 » 10
3 o! o
a%.u 1.00 x 10 7340 4.33 x 10 s 1.0 % 10
-C . p
45,0 2.00 x 10 0.0 2.5 x 19” 110 1.2 x 10"
%3 .
02,9 5.90 x 197 70.0 ¢.u2 x 1y’ 110 1.7 » 107
3¢ 5 ,
Wy 6.00 » 10 £2.0 1.09 x 10 100 3.6 x 10°
. 3 3 , 4
40,0 £.00 x 10 $5.0 1.82 % 10 %0 3.4 % 10
4 . §P 4
<0 1.20 ~ 10 5%.0 1.85 x ¢ 80 4.0 ¥ 10
33.0 7.20 % 10" 50.0 3.70 » io’ B 1.31 x 10°
S “ 4.0 Ly » 10" (s | o 1.69 » 10
»v | e : | |
33,0 ” 60 | 838 x U 60 2.7 % 10°
12.0 «2.0 " |11 x 0% (datee) | 60 4,86 x 107
2.0 e x 10 40,0 2,28 » 10” (d1sc) | 50 100 x 10% (dtac)
1.0 11s x 10% (disc) 40.0 2.32 x 1¢° (dine) 50 1.01 x 10° (d1sc)
.0 1.25 x 16” (dinc) 50 1,00 x 10 (dtsc)
i [}
9,0 Lol x 10 (diac)

to Streas patio (K) w o},
Specimen proevioudly run at indfcated stress for number of cycles shown witho:t

. thry b,

fallure,

!354p0§r Sggvbg ‘pgl[

b, 30,000
c, 31,000
d. 30,000
e, 42,90
<, Ty, 000
. ;tﬁtnx)
Wy 1,000
. 000
3. 50,000
k. %) , 000

Eycles
Lo3l x
l.od6 x
1.2% x
181 »
Loy x
2.8 ¥
RIS BN
LaU X
1,00 x

1.01 =

1g®
10°

10"

b
Y

) ‘)h
luh
ln"
10"
Y
hH

14

6




-8 Marcin-CR-h4 =74
Table C-28 Fativue Propertion® af Kotched” AIS] 521 Stainless Steel
Temperature
70°F -320°F -423°F
Mo imigm Max imum Maximum
Tension Teasion Tension
Stress SLYess Stress
CHouY pet) Cyveles to Failure (1600 psi) Cycles to Failure (1000 psi) Cycles to Fatlure
. 3 , 3 3
0.0 1.00 x 10U 65,0 5.20 x 10 80.0 1.00 x 10
4¢ »f jk
5.0 2,00 » 10 60.0 L.50 x 107 75.0 2.00 x 1y
. o 3d 3 31
35.0 4.00 x 10 60.0 0.40 x 10 70.0 1.00 x 10
. A 3 . 3 3
35.9 6.00 x 10 60,0 6.79 % 107 - 70.v 5.00 x 10
, . 4€ . 3 3
3.0 . 2,80 x 10 60.0 8.10 x 107 65.1 7.00 x {0
, . b )
30.0 3.40 x 10 50.0 Loas » 107 60.0 9.00 x :0°
, 4 ,
50.U 5,20 x 1o° 40.0 2.8¢ » 107 *
.5 . - )
25.0 1.22 « 10 40.0 3.91 x 1O
21.0 1.17 x 10° 40.0 4.12 % 0%
21.0 3.42 x 10° 35.0 3.97 x 10°
3 ¥ 1, 5 } 5
20,0 6.59 » 10 30.0 1.57 x 107,
. 6 . RS N
20.9 1.12 x 10" (disc) 310.0 2% 107
fa.0 Toah w100 25.0 5.82 x 107
\ 6 . 6
NPERY! L.56 x 10 (disc) 23,4 [.57 x 10
; w 5 : ) 1 5
16.0 1.49 x 1(7 (disc) 22,0 1.10 x 197 (disc) 25.0 8.12 x 10
22.0 1.12 5 10% (diwe) 25.0 1.02 x 10° (dise)
20.0 6.9% x 107 (disc) 23,5 1.00 x 10° (dine)
23,5 1.03 x 16% (d1ac)

¢, thru 1,

Specimen previously run at indicated stress for tumber of cycles shown withoot

failure.

4. Stress ratio (R) = -1,
h. Stress concentration (Kt> = 3,5,

Footnote Stress (psi) Cycles
¢, 20,000 to12 x
d, 16,000 bo4Y9 »
e, 1,000 1.5 x
f. 22,000 1o12 x
g. 23,000 1.37 x
h, 22,000 1,10 x
i, 20,000 6.94 x
i, 23,500 1.00 x
k. 23,50 1.0V x
I, 25,000 1.02 %

106
10
1o
10
10
10
10
10
10
10

[ - - - I 2




Table Ce2%

Martin-CR-64-74

. a
Fattpue Propesties” ot Wetded ALSD 321 Stainless Seeel

C-29

Temperature

i0°F ~320°F ~L23°F
taium Mavimum Maximum
Toray o Tension Tension
NTresw Stress Stress
o v tveles o Fatlure (1000 pst) |Cycles to Fatlure (1000 psi) Cxcles to Fatlure
s° 3 3P
<. .00 % 19 80,9 1.10 = 10 0.0 2.00 » 10
) -
i
oJad 80,0 .60 x 103 o - 100.0 6,00 x 1.‘)3
s 3f1 R - 31
TR [ 80.0 $.70 x 107 90,0 4.00 x 1O
- 80.0 7.90 % 103 90,9 2.%0 x 10°
v s 100 50.0 . 80.0 9.00 x i0°
i | . ’
o bats 5 10 040 70.0 5.20 x 10
G0 2.30 w0 10” e x 107
fis ot 35;G
KR 7380
75.0 55.0 -
X -+30,.0 3.01 %10
e [ 0.0 T x 2078 18,22 x 10°
1.97 x 10 0.0 1,90 i 107 (disc) y,0~x.10 (dinc) .
Faed % au“ 2.0 2.2 xc6 27.5 1;605 x ‘06 (dinc)
B . 6
ta to2u w 0 (disg) 7.5 1.1 » 107 (disc)
L5
LIS 4o x 10 (disc)

b

h.

Stre s tatio (R) = <1,

tirrar b,

S;jweimen previcously run at indlcated stress for number af cyeles shoun without

tallure.

!L’Hs ot e

E! !l"ﬁ s i‘i! !
PRI}
Po vt
Pe un
NI
3,009
27,50
7,50
47,000

wr

* §

Feb3 % tu"

Lo
PRt
190
.12
1.0t
1,00

1. 10

»

L3

}hh

T T L L TRy X e
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